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Significance

Blood-stage malaria parasites 
must scavenge the nutrient 
lipoate from the human host in 
order to survive. We investigated 
the roles of mitochondrial 
proteins involved in lipoate 
metabolism to understand why 
lipoate is required in the 
mitochondrion. We found that 
these proteins are involved in the 
production of acetyl-CoA and 
that this metabolite is used in 
different compartments of the 
cell, including for the acetylation 
of nuclear histones. Ultimately, 
processes such as gene 
expression may rely on the 
production of acetyl-CoA, 
creating an unusual link between 
the mitochondrion and a broad 
range of cellular phenomena that 
rely on acetyl-CoA.
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Coenzyme A (CoA) biosynthesis is an excellent target for antimalarial intervention. 
While most studies have focused on the use of CoA to produce acetyl-CoA in the 
apicoplast and the cytosol of malaria parasites, mitochondrial acetyl-CoA produc-
tion is less well understood. In the current study, we performed metabolite-labeling 
experiments to measure endogenous metabolites in Plasmodium falciparum lines with 
genetic deletions affecting mitochondrial dehydrogenase activity. Our results show 
that the mitochondrion is required for cellular acetyl-CoA biosynthesis and identify a 
synthetic lethal relationship between the two main ketoacid dehydrogenase enzymes. 
The activity of these enzymes is dependent on the lipoate attachment enzyme LipL2, 
which is essential for parasite survival solely based on its role in supporting acetyl-CoA 
metabolism. We also find that acetyl-CoA produced in the mitochondrion is essential 
for the acetylation of histones and other proteins outside of the mitochondrion. Taken 
together, our results demonstrate that the mitochondrion is required for cellular 
acetyl-CoA metabolism and protein acetylation essential for parasite survival.

acetyl-CoA | mitochondrion | lipoic acid | acetylation | malaria parasites

Emerging drug resistance against all available malaria treatment regimens (1) highlights the 
need for new antimalaria strategies. Coenzyme A (CoA) biosynthesis has been shown to be 
an excellent target for antimalarial intervention (2–5), largely because CoA is required for 
the formation of the central metabolite acetyl-CoA. Acetyl-CoA occupies a critical position 
in many metabolic processes including fatty acid biosynthesis, amino acid metabolism, and 
TCA cycle metabolism (6). It also plays a role in cell signaling and acts as a molecular sensor 
that controls different cellular fates and metabolic decisions. This occurs primarily through 
the acetylation of histones and other proteins (7–9), but also through the modification of 
RNA, where cytidine acetylation has been demonstrated to be crucial for translation and 
mRNA stability (10, 11). In the human malaria parasite Plasmodium falciparum, 1,146 
acetylated proteins have been identified including glycolytic enzymes, histones, and secreted 
proteins that could have important roles throughout the parasite’s life cycle (12). Histone 
acetylation has been shown to have an important role in controlling transcriptional regulation 
and cellular differentiation in these parasites (13, 14). Drugs targeting histone deacetylases 
have been used to treat clinical cases of malaria (15–20), highlighting the importance of 
protein acetylation and its potential as a therapeutic target.

Despite the significance of acetylation reactions in malaria parasites, the primary de novo 
source of acetyl-CoA is still unclear. There are three pathways that should be able to synthesize 
acetyl-CoA in different subcellular compartments of the parasite (Fig. 1A). The most studied 
pathway uses an apicoplast-localized pyruvate dehydrogenase (aPDH) enzyme that catalyzes 
conversion of glucose-derived pyruvate to acetyl-CoA (21, 22). Acetyl-CoA generated in 
the apicoplast is thought to be the carbon source for fatty acid biosynthesis in the organelle 
(23, 24); however, fatty acid biosynthesis enzymes (25–27) and aPDH proteins (22, 28, 29) 
have been shown to be dispensable during the blood stages of malaria parasite development 
and do not contribute significantly to acetyl-CoA production (28). Another important 
source of acetyl-CoA could be from an acetyl-CoA synthetase (ACS) enzyme located in the 
nucleus (3, 28, 30–32) (Fig. 1A). This enzyme, however, would require a source of acetate 
and it is not clear whether external or internal sources (such as deacetylation reactions) would 
be sufficient to support parasite growth. The third proposed biosynthetic source is through 
a mitochondrial enzyme complex called the branched-chain ketoacid dehydrogenase 
(BCKDH). This enzyme complex is canonically thought to be involved in the catabolism 
of branched-chain amino acids, but it may also be converting the pyruvate derived from 
glycolysis to acetyl-CoA (PDH activity) (33). A study looking at the role of BCKDH in the 
murine malaria parasite (Plasmodium berghei) and a related apicomplexan parasite, Toxoplasma 
gondii, concluded that mitochondrial BCKDH is probably acting as a mitochondrial PDH 
(mPDH) (33), and metabolic labeling studies using 13C-glucose in P. falciparum supported 
this notion by showing that the acetyl moiety of acetyl-CoA is derived from glucose (28).D
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All known PDH enzymes require the enzyme cofactor lipoate 
(34). Although malaria parasites have a de novo pathway to make 
lipoate in the apicoplast (35), this pathway is dispensible (36–38) 
and they cannot survive without scavenging lipoate (39). 
Scavenged lipoate is exclusively used for lipoylating enzyme com-
plexes in the mitochondrion, including BCKDH (39), which has 
been localized to this organelle in P. falciparum (40). Lipoylation 
of mitochondrial proteins appears to be essential since the expres-
sion of a bacterial lipoamidase enzyme that cleaves lipoate from 
mitochondrial enzyme complexes results in parasite death (41). 
The toxic effects of lipoamidase were partially restored by acetate 
supplementation, suggesting that lipoylated enzyme complexes 
have a role in acetate metabolism (41). Overall, several lines of 
evidence suggest that there is a pyruvate dehydrogenase in the 
parasite mitochondrion that uses lipoate as a cofactor and gener-
ates acetyl-CoA. However, the functional requirement of the scav-
enged lipoate and the role of lipoylated enzyme complexes in 
generating acetyl-CoA have not been fully elucidated.

In the current study, we investigated mitochondrial lipoylated 
enzyme complexes and their role in the biosynthesis of acetyl-CoA 
using a combination of genetic and metabolomic approaches. We 
demonstrated that BCKDH functions as a mitochondrial PDH 
in P. falciparum and we refer to it as mPDH throughout this 
manuscript. We also revealed a synthetic lethal relationship 
between mPDH and α-ketoglutarate dehydrogenase (KDH), 
suggesting a functional redundancy between the two enzymes. 
Both dehydrogenase enzymes are dependent on lipoate as a 
cofactor and deletion of the lipoate attachment enzyme LipL2 
completely blocks the production of acetyl-CoA from glucose. 

Parasites lacking LipL2 or lacking both mPDH and KDH can 
only survive when acetate is provided in the growth medium. 
We showed that the hypothetical ACS enzyme is responsible for 
the synthesis of acetyl-CoA from exogenous acetate, but required 
millimolar concentrations of acetate to bypass the loss of the 
mitochondrial enzymes. These results showed that under normal 
growth conditions, the mitochondrion is the major de novo source 
of cellular acetyl-CoA in blood-stage malaria parasites. We also 
found that the mitochondrion acts as the source of acetyl-CoA 
used for the acetylation of histones and other proteins outside of 
the mitochondrion. In conclusion, this work explains the require-
ment for lipoate scavenging in blood-stage malaria parasites and 
reveals that the parasite relies on its mitochondrion for production 
of the essential metabolite acetyl-CoA.

Results

mPDH E1 and E2 Subunits Are Not Essential During the  
P. falciparum Asexual Blood Stages. Pyruvate dehydrogenase 
enzymes classically catalyze the conversion of glucose-derived 
pyruvate to acetyl-CoA in the mitochondria of eukaryotic cells. 
However, in malaria parasites, the sole pyruvate dehydrogenase 
(aPDH) enzyme is not localized to the mitochondrion, but rather 
to a nonphotosynthetic chloroplast organelle, the apicoplast, 
where acetyl-CoA is used to generate fatty acids (Fig. 1A) (21, 
22). Gene deletion studies in the murine malaria parasite P. berghei 
and labeling studies in P. falciparum suggest that a mitochondrial 
BCKDH enzyme is most likely acting as a mitochondrial pyruvate 
dehydrogenase (mPDH) (28, 33). mPDH enzymes are composed 
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Fig. 1. mPDH E1 and E2 subunits are not essential for blood-stage parasite growth. (A) Metabolic illustration showing possible acetyl-CoA biosynthetic pathways 
in the mitochondrion, apicoplast, and nucleus of malaria parasites. PEP: phosphoenolpyruvate; aPDH: apicoplast pyruvate dehydrogenase; mPDH: mitochondrial 
pyruvate dehydrogenase; ACS: acetyl-CoA synthetase. (B) Cartoon showing the conversion of pyruvate to acetyl-CoA by PDH. The enzymatic activities of the E1, 
E2, and E3 subunits of PDH are shown. Lipoic acid is covalently attached to the E2 subunit and is essential for PDH activity. (C) Schematic representation showing 
how genes of interest were replaced with a dihydrofolate reductase (DHFR) drug resistance cassette using the pRSng plasmid. The positions of genotyping PCR 
products designed to identify the wild-type locus (purple) or the recombinant locus (orange) are shown. (D) Genotyping PCRs confirming the deletion of mpdhE1α 
(Top) and mpdhE2 (Bottom). Based on the scheme shown in C, PCR amplicons demonstrate integration at the Δ5′ and Δ3′ loci and lack of parental parasites 
(as indicated by the failure to amplify at the wild-type 5′ and 3′ loci). The parental line was used as a control. The primer sequences and amplicon lengths are 
described in Dataset S1. SI Appendix, Fig. S10 contains source data. (E and F) Growth curves of ΔmpdhE1α (E) and ΔmpdhE2 (F) parasites (red) compared to the 
parental NF54attB line (green). Error bars represent the SD from at least two independent experiments, each conducted in quadruplicate.
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of multiple copies of three major subunits: E1, E2, and E3 (34) 
(Fig. 1B). The E3 subunit (PF3D7_1232200) is not specific to 
mPDH and has been proposed to also function as part of the 
mitochondrial KDH and glycine cleavage system (42). The E1 
subunit of the mPDH complex is a heterodimeric protein [α 
(PF3D7_1312600) and β subunits (PF3D7_0504600)] that 
catalyzes the decarboxylation of pyruvate. The acetyl group released 
from the decarboxylation reaction is conjugated to a lipoate 
cofactor covalently attached to the E2 subunit (PF3D7_0303700) 
and is then transferred to CoA to form acetyl-CoA. To prepare 
for the next catalytic cycle, the E3 subunit oxidizes the lipoate 
cofactor, reforming the dithiolane ring (34) (Fig. 1B).

To address the role of mPDH during P. falciparum asexual 
development, we targeted the catalytic mPDH E1α subunit for 
deletion using Cas9-based genome editing (Fig. 1 C and D). 
Forward genetic screens predict that this protein is required for 
normal parasite growth (SI Appendix, Table S1) (43, 44). To our 
surprise, the resulting ΔmpdhE1α line did not have a noticeable 
growth phenotype (Fig. 1E) even though this protein was previ-
ously shown to be essential for the growth of P. berghei in mature 
red blood cells (33). To validate this result, we generated a parasite 
line with a deletion in the gene encoding the E2 subunit, which 
should form the central core of the mPDH complex (34). Again, 
consistent with the result observed for deletion of the E1α subunit, 
we did not observe a growth defect in the ΔmpdhE2 deletion line 
(Fig. 1F). These results demonstrate that the mPDH enzyme com-
plex is dispensable in blood-stage P. falciparum parasites and does 
not play an essential role in acetyl-CoA biosynthesis or any other 
metabolic reaction.

The mPDH E3 Subunit Is Essential. As described above, the 
shared E3 subunit should also be required for KDH activity 
in the mitochondrion. However, previous deletion of the E1 
subunit of KDH in P. falciparum strongly suggests that KDH 
activity is not essential during asexual blood-stage development 
(45). Despite repeated attempts, we were unable to ablate the 
E3-encoding gene, suggesting that, even though the mPDH 
and KDH complexes individually are not required, the E3 
subunit is essential. The E3 subunit may also be required for 
the activity of the glycine cleavage system H-protein, the only 
other lipoylated protein found in the parasite mitochondrion 
(46, 47). Alternatively, mPDH and KDH may be capable of 
performing essential, but redundant functions.

Acetate supplementation has been used previously to partially 
restore the ability of ΔmPDHE1α P. berghei parasites to grow in 
mature red blood cells (33) and to bypass the toxic effects of a 
bacterial lipoamidase enzyme expressed in the parasite mitochon-
drion (41). In both cases, an ACS enzyme (Fig. 2A) was hypoth-
esized to generate acetyl-CoA from acetate to enable parasite 
survival. Borrowing from this observation, we supplemented the 
culture medium with 5 mM acetate and were able to readily gen-
erate parasites lacking the E3 subunit (SI Appendix, Fig. S1A). 
Although the Δe3 parasite line was reliant on acetate for growth 
(Fig. 2B), growth arrest was not immediate, requiring several par-
asite growth cycles (SI Appendix, Fig. S1B). To further characterize 
this growth defect, we attempted to rescue parasite growth with 
acetate after various periods of deprivation. Acetate supplemen-
tation restored growth after 10 d of deprivation, but failed to 
restore growth after 12 d of acetate deprivation (Fig. 2C). These 
results demonstrate that E3 is an essential protein and also suggest 
that E3 is ultimately required for acetyl-CoA metabolism.

Mitochondrial Ketoacid Dehydrogenase Activity Is Required for 
Parasite Survival. Biochemical studies have shown that KDHE1 is 

able to use pyruvate as a substrate, making it possible that KDH 
could function as a pyruvate dehydrogenase (48). Although the 
KDH E1 subunit (PF3D7_0820700) is dispensable in blood-stage 
P. falciparum (45), it is possible that the KDH complex co-opts the E1 
from mPDH since the complexes have been shown to swap subunits 
in other species (49). Therefore, we tested whether the KDH E2 
subunit (PF3D7_1320800) is essential. Similar to the E1 knockout, 
ΔkdhE2 parasites did not display a noticeable growth phenotype 
compared to parental parasites (SI Appendix, Fig. S2). Taken together, 
the results show that the E1 and E2 subunits of KDH and mPDH 
are dispensable, but the shared E3 subunit is essential. This suggests 
that KDH and mPDH are functionally redundant. To explore this 
possibility, we used acetate supplementation and deleted the mPDHE2 
subunit in the ΔkdhE2 parasite line, generating the ΔpE2 /ΔkE2 double 
deletion line (SI Appendix, Fig. S3). As anticipated, the ΔpE2/ΔkE2 line 
required acetate supplementation for survival (Fig. 3A), consistent with 
the hypothesis that KDH and mPDH are redundant. To characterize 
this phenomenon, we determined the acetate dependence of the ΔpE2/
ΔkE2 line and found that parasite growth is significantly compromised 
with 1.25 mM acetate or less (Fig. 3B) and that the ΔpE2/ΔkE2 parasites 
could survive 12 h of acetate deprivation. Parasites survived but grew 
less well after 24 h of acetate deprivation, and growth was not restored 
when acetate was added after 48 h of deprivation (Fig. 3C). Taken 
together, these results reveal a synthetic lethal phenotype between the 
mpdhE2 and kdhE2 genes possibly due to the capacity of both mPDH 
and KDH to generate acetyl-CoA.

Mitochondrial Acetyl-CoA Biosynthesis Is Impaired in ΔpE2 /ΔkE2 
Parasites. Glucose and glutamine are the two major carbon sources 
for the TCA cycle and enter the mitochondrion as pyruvate and 
malate (from glucose) or α-ketoglutarate (from glutamine) (28). 
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Fig.  2. Δe3 parasites require acetate supplementation. (A) Metabolic 
illustration showing how acetyl-CoA synthetase (ACS) could use exogenous 
acetate to generate acetyl-CoA, bypassing mitochondrial acetyl-CoA metabolism. 
(B) Growth curves comparing the growth of Δe3 parasites in the presence 
and absence of 5 mM acetate (Ac). After 4 d, the cultures were diluted by a 
factor of 10 to avoid overgrowth. (C) Survival of Δe3 parasites after different 
periods of acetate (Ac) deprivation. Parasite growth assays were initiated after 
different periods of maintenance in acetate-free medium (open bars in the 
schematic) followed by growth with acetate (solid bars). The plots below the 
schematic show the growth of these cultures after reintroduction of acetate. 
Significant parasite growth was observed on day 6 of the outgrowth period 
in the cultures deprived for 6 d or 8 d relative to the culture deprived for 12 d 
(two-way ANOVA, followed by Bonferroni’s correction; P values are provided 
in the plot for comparisons made on day 6). Error bars in the growth curves 
represent the SD from at least two independent experiments, each conducted 
in quadruplicate.
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To characterize the biochemical changes in the ΔpE2/ΔkE2 parasite 
line, we used mass spectrometry-based metabolomics to compare 
the levels of acetyl-CoA and other TCA cycle intermediates in ΔpE2/
ΔkE2 and parental parasites by supplementing the growth media 
with isotopically labeled glucose (13C-glucose) and glutamine 
(13C-glutamine) (Fig.  4A). Supplementation with these carbon 
sources resulted in an average of over 85% of glucose-6-phosphate 
being derived from 13C-glucose, and over 60% of α-ketoglutarate 
being derived from glutamine across both lines for the duration 
of the labeling period (SI Appendix, Fig. S4 A  and B). We then 
assessed the incorporation of 13C label into acetyl-CoA from either 
glucose- or glutamine-derived carbon entering the mitochondrion. 
In parental parasites, acetyl-CoA and the acetyl-CoA metabolite 
N-acetyl-glutamate were labeled with two carbons from 
13C-glucose, but this labeling was blocked in ΔpE2/ΔkE2 parasites. 

13C-glutamine did not label acetyl-CoA in either parental or ΔpE2/
ΔkE2 parasites, as expected (Fig. 4B). By contrast, 13C-glutamine 
was readily incorporated into N-acetyl-glutamate in both parasite 
lines, ruling out any inherent differences in the biosynthesis of N-
acetyl-glutamate between parental and ΔpE2/ΔkE2 parasites (Fig. 4C).

In addition to changes in acetyl-CoA production, we also 
observed perturbations to the TCA cycle in ΔpE2/ΔkE2 parasites. 
In parental parasites, four carbons from glutamine were incorpo-
rated into succinate, whereas this process was blocked in ΔpE2/
ΔkE2 parasites, presumably because KDH was deleted in this line 
(Fig. 4D). Similarly, carbons from 13C-glutamine were observed 
in fumarate and malate only in parental parasites (SI Appendix, 
Fig. S4 C and D). The ΔpE2/ΔkE2 parasites did, however, incorpo-
rate three carbons from labeled glucose into succinate, a process 
that was not observed in parental parasites (Fig. 4D). This is likely 
a consequence of anaplerotic reactions that result in the import 
of malate into the mitochondrion (Fig. 4A). Without KDH and 
mPDH activity, malate can be converted into oxaloacetate, but 
cannot progress further into citrate. Instead, excess malate results 
in the accumulation of fumarate and succinate using enzymes that 
normally function in the opposite direction (28) (Fig. 4D).

Analysis of citrate labeling provides further insight into TCA 
activity in ΔpE2/ΔkE2 parasites (Fig. 4E). In parental parasites 
treated with 13C-glucose, citrate was found to contain two labeled 
carbons (from acetyl-CoA) or five labeled carbons from the com-
bination of acetate (two carbons) and oxaloacetate derived from 
anaplerotic malate (three carbons). Citrate did not contain this 
labeling pattern in ΔpE2/ΔkE2 parasites; however, there appeared 
to be a small amount of five-carbon label from glutamine that 
may have been acquired through the reverse action of isocitrate 
dehydrogenase and aconitase (Fig. 4E). Taken together, metabo-
lomic analysis shows that the TCA cycle is blocked at two points 
in ΔpE2/ΔkE2 parasites and generates products consistent with the 
failure of mPDH to make acetyl-CoA and the failure of KDH to 
make succinyl-CoA.

KDH Can Support Parasite Growth in the Absence of mPDH. 
Individual deletion of mPDHE1α and mPDHE2 indicates that 
mPDH is dispensable; however, it is possible that either mPDHE1 
or mPDHE2 could function with KDH subunits in a heterologous 
complex, as observed in other organisms (49). To assess the role of 
KDH alone, we generated a parasite line in which both mPDH 
subunits were deleted (ΔpE1α/ΔpE2) (SI Appendix, Fig. S5 A and B). 
Growth assays of ΔpE1α/ΔpE2 parasites showed that this line was able 
to grow without acetate supplementation (Fig. 5A), demonstrating 
that KDH can support parasite growth without the assistance of 
any mPDH subunits. To characterize this parasite line, we used 
glucose and glutamine labeling, first confirming that ΔpE1α/ΔpE2 
parasites could convert glucose and glutamine into their initial 
metabolites (SI Appendix, Fig. S5 C and D). We observed decreased 
incorporation of 13C-glucose into acetyl-CoA (Fig.  5B) and N-
acetyl-glutamate (Fig. 5C) at levels that were indistinguishable from 
those we observed for the ΔpE2/ΔkE2 line (Fig. 4 B and C).

TCA cycle metabolites were perturbed in ΔpE1α /ΔpE2 parasites 
in ways that closely paralleled the changes observed in the ΔpE2 /
ΔkE2 parasite line. In both lines, carbon from glucose is not incor-
porated into citrate, consistent with the loss of acetyl-CoA syn-
thesis from pyruvate (Fig. 5D). Similarly, anaplerotic carbon 
(ultimately derived from 13C-glucose) accumulates in succinate 
in both lines (Fig. 5E). In contrast to the ΔpE2 /ΔkE2 line, ΔpE1α /
ΔpE2 parasites could incorporate carbon from 13C-glutamine into 
succinate, demonstrating that KDH is still active in the mPDH 
deletion line (Fig. 5E). Reduced levels of label incorporation (com-
pared to the parental line) may be the result of altered TCA cycle 
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flux. Indeed, carbon from glutamine does not seem to progress 
past succinate into fumarate and malate––the next metabolites in 
the TCA cycle (SI Appendix, Fig. S5 E and F). In summary, these 
results show that P. falciparum malaria parasites can survive the 
loss of the mPDH complex, but there are significant impacts on 
acetyl-CoA production and other TCA cycle reactions.

Protein Lipoylation Is Required for Acetyl-CoA Biosynthesis. 
In malaria parasites, the attachment of lipoate to mitochondrial 
proteins proceeds through a unique two-step process. Lipoate 
is adenylated by an enzyme called LipL1 and then transferred 
to KDHE2 and mPDHE2 by an enzyme called LipL2 (Fig. 6A)  
(40, 50). Deletion of LipL2 should prevent KDHE2 and mPDHE2 
lipoylation and mimic the phenotype of ΔpE2/ΔkE2 parasites. As 
anticipated, LipL2 could be deleted in the presence of acetate 
(SI  Appendix, Fig.  S6A) and the Δlipl2 parasites were entirely 
dependent on high levels of acetate for growth (Fig. 6 B and C). 
We also found that the Δlipl2 parasites could survive up to 24 h 
of acetate deprivation, but growth was not restored when acetate 
was added after 48 h of deprivation (Fig. 6D). These results closely 
mirror those observed for the ΔpE2/ΔkE2 line (Fig. 3) and show 
that Δlipl2 parasites phenocopy the ΔpE2/ΔkE2 line. Deletion of 
LipL2 also results in the same metabolic perturbations previously 

observed in the ΔpE2/ΔkE2 line. Δlipl2 parasites could convert 
glucose and glutamine into their initial metabolites (SI Appendix, 
Fig.  S6 B  and  C), but could not incorporate 13C-glucose into 
acetyl-CoA (Fig.  6E) or the downstream metabolite N-acetyl-
glutamate (Fig. 6F). The labeling of citrate (Fig. 6G), succinate 
(Fig. 6H), and other TCA cycle metabolites (SI Appendix, Fig. S6 
D and E) was also perturbed in the same manner as observed for 
the ΔpE2/ΔkE2 line. Overall, these results are consistent with the 
conclusion that LipL2 is essential for the specific lipoylation of 
mPDH and KDH, and that loss of LipL2 results in loss of mPDH 
and KDH activity.

Acetate Bypass of Mitochondrial Metabolism Relies on Nuclear 
ACS. In P. falciparum parasites, labeled acetate is incorporated 
into acetyl-CoA, and the enzyme ACS has been hypothesized 
to catalyze this reaction (28, 31). We explored this activity using 
Δlipl2 and parental parasites labeled with 13C-acetate, 13C-glucose, 
or 13C-glutamine. In contrast to previous labeling experiments, we 
maintained the parasites in medium containing 5 mM acetate during 
the glucose and glutamine labeling. We confirmed that labeled 
glucose and glutamine were converted into their initial metabolites 
(SI Appendix, Fig. S7 A and B), but observed minimal incorporation 
of glucose carbon into acetyl-CoA (Fig. 7A). This result suggested 
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Fig. 4. Mitochondrial acetyl-CoA biosynthesis 
is impaired in ΔpE2/ΔkE2 parasites. (A) Schematic 
showing the labeling pattern of mitochondrial 
metabolites after short-term incubation with 
uniformly labeled 13C-glucose or 13C-glutamine. 
Red and purple circles represent the heavy 
isotope carbon atoms from glucose or 
glutamine, respectively. Black circles represent 
unlabeled atoms. Arrows represent enzymatic 
reactions and are colored based on whether 
labeled carbon atoms flow in the same direction 
as would be found in wild-type parasites 
(green), flow in the reverse direction (red), or 
appear to be blocked due to the loss of mPDH 
and KDH activity. (B–E) Fraction of isotopically 
labeled acetyl-CoA (B), N-acetyl glutamate (C), 
succinate (D), or citrate (E) when incubated 
with labeled glutamine (Glut) or glucose (Gluc) 
in parental or ΔpE2/ΔkE2 parasites. For labeling 
experiments, color coding indicates the mass 
shift from the incorporation of heavy labeled 
carbon atoms in addition to the mass (M) of the 
parent compound. Labeling data are presented 
as the fraction of the total metabolite pool 
determined from N = 3 experiments (parental) 
or N = 2 experiments (ΔpE2/ΔkE2), with error 
bars representing the SD. Note that the natural 
abundance of isotopes, particularly 13C and 34S, 
results in unlabeled acetyl-CoA having 20.24% 
M + 1 and 8.37% M + 2 mass shifts, respectively.
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that the unlabeled acetate was incorporated into acetyl-CoA at the 
expense of labeled carbon from glucose. The labeling pattern in  
N-acetyl-glutamate supported this explanation since almost no 
glucose carbon was incorporated, while glutamine carbon was robustly 
incorporated in the glutamate moiety (Fig. 7B). However, when we 
labeled parasite metabolites with 5 mM 13C-acetate, we observed 
incorporation of the label into the majority of the acetyl-CoA (M 
+ 2) and N-acetyl-glutamate over the course of the 2.5 h labeling 
period (Fig.  7 A and B). Therefore, at very high concentrations, 
acetate labeling is rapid and robust, even in the parental parasites with 
functional pathways to generate acetyl-CoA from glucose.

Further metabolite analysis showed that 13C-acetate is incor-
porated into citrate, but not other TCA cycle metabolites 
(SI Appendix, Fig. S7 B–E), suggesting that 13C-acetyl-CoA pro-
duced by ACS may be able to enter the mitochondrion. 
Comparison of glucose and glutamine labeling in the absence 
(Fig. 6G) or presence (SI Appendix, Fig. S7F) of 5 mM acetate 
reinforces this conclusion. M+3 citrate was only observed in 
glucose-labeling experiments in the presence of acetate, presum-
ably from anaplerotic carbon sources that are incorporated into 
citrate in combination with acetyl-CoA from the cytosol. Similarly, 
labeled glutamine incorporation into M+5 citrate observed in 
Δlipl2 parasites (Fig. 6G) is missing in the presence of acetate 
(SI Appendix, Fig. S7F), again suggesting that there is some citrate 
synthesis activity due to the mitochondrial import of acetyl-CoA 
generated from supplemented acetate.

Based on the metabolomics results (Fig. 7A), we hypothesized 
that the ACS enzyme must be responsible for almost all acetyl-CoA 
production in Δlipl2 parasites. To test this, we used a modified 
TetR–DOZI system (51) plasmid pKD (52) to knock down ACS 
expression in Δlipl2 parasites, generating the ↓acs/Δlipl2 parasite 
line. Successful insertion of the pKD plasmid (SI Appendix, Fig. S8) 
resulted in tagging of ACS with 3xHA tag, allowing us to localize 
the ACS protein to the parasite nucleus (Fig. 7C) as has been 
recently reported (30–32). We also confirmed that the knockdown 
was functional as we could no longer detect the ACS protein after 
parasites were cultured without aTc for 4 d (Fig. 7D). We next 
tested the growth of the ↓acs/Δlipl2 line in acetate-supplemented 
and nonsupplemented conditions, while controlling the expres-
sion of the ACS enzyme using aTc. The ↓acs/Δlipl2 parasite line 
did not grow in the absence of acetate since there is no mitochon-
drial source of acetyl-CoA (Fig. 7E). As expected, ↓acs/Δlipl2 par-
asites displayed a significant growth defect under nonpermissive 
(no aTc) conditions compared to permissive conditions when 
both were cultured in 5 mM acetate (Fig. 7E). These results show 
that ACS is responsible for the mobilization of scavenged acetate 
into acetyl-CoA.

Acetyl-CoA Produced in the Mitochondrion Is Used Throughout 
the Parasite Cell. Our data suggest that the mPDH and KDH 
enzymes in the mitochondrion contribute to acetyl-CoA 
metabolism, and that this activity is essential for the survival 
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represent the SD from three independent experiments, each 
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of blood-stage parasites in the absence of acetate. These results 
raise the question of whether the acetyl-CoA produced in the 
mitochondrion is used throughout the cell for acetylation 
reactions. To address this question, we determined whether 
carbon from glucose can ultimately be incorporated into acetylated 
proteins found in other compartments of the cell (Fig.  8A). 
We cultured NF54 strain parasites for 4 d in culture medium 
containing 13C-glucose and extracted parasite proteins for analysis 
by proteomic mass spectrometry. We observed the incorporation 
of  13C from glucose in several abundant acetylated proteins 
known to reside outside of the mitochondrion. In particular, we 
observed that nuclear histones were 13C-acetylated (SI Appendix, 
Table S2), suggesting that mitochondrial acetyl-CoA is used in 
other compartments of the cell.

To confirm the link between the production of acetyl-CoA in 
the mitochondrion and protein acetylation throughout the cell, we 
generated a parasite line with conditional acetylation. Using the 
TetR–DOZI system plasmid pKD (52) (described above), we gen-
erated an inducible mPDHE2 parasite line in which we also deleted 
the KDHE2. The resulting ↓pE2/ΔkE2 line (SI Appendix, Fig. S9) 
should depend on the induction of mPDH (+aTc) to make 

acetyl-CoA in the mitochondrion and sustain growth. Detection 
of the 3xHA tag allowed us to localize the mPDHE2 protein to the 
mitochondrion (Fig. 8B) and to confirm that the knockdown sys-
tem was functional since we could no longer detect the mPDHE2 
protein after parasites were cultured without aTc for 4 d (Fig. 8C). 
Consequently, ↓pE2/ΔkE2 parasites displayed a significant growth 
defect under nonpermissive (no aTc) conditions compared to per-
missive (+aTc) conditions by day 6 of the growth assay (Fig. 8D). 
Based on the knockdown and growth characteristics of this line, 
we conducted 4-d 13C-labeling experiments. Parasites were split on 
the first day and cultured separately in permissive and nonpermis-
sive conditions. After 2 d of growth, the parasites were transferred 
into media containing 13C-glucose and cultured for the remaining 
2 d of the experiment. Proteomic analysis of proteins extracted after 
the fourth day identified proteins acetylated with either 12C-acetate 
or 13C-acetate (Table 1). Under permissive conditions, the detected 
protein acetylation sites were predominantly labeled with carbon 
derived from 13C-glucose, consistent with the production of 
13C-acetyl-CoA by mPDH in the mitochondrion. When mPDH 
was knocked down, 12C was observed in most acetylation sites, 
suggesting that mPDH activity was significantly reduced. 
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Fig.  6. Lipoylation is essential for acetyl-
CoA biosynthesis. (A) Schematic showing the 
enzymatic steps required to attach lipoic acid 
(lipoate) to the E2 subunits of mPDH and 
KDH. Lipoate scavenged from the external 
environment is imported into the parasite 
mitochondrion and adenylated by lipoate 
ligase 1 (LipL1) in an ATP-dependent reaction. 
LipL2 transfers the lipoyl moiety from lipoyl-
AMP to the E2 proteins. (B) Growth curves 
comparing the growth of ∆lipl2 parasites in the 
presence and absence of 5 mM Ac. (C) Growth 
of ∆lipl2 parasites in media supplemented 
with different concentrations of acetate (Ac). 
By day 4 of the growth curve, the parasitemia 
of the culture supplemented with 1.25 mM Ac 
(green) differed significantly from the culture 
supplemented with a twofold lower (gold) 
concentration (two-way ANOVA, followed by 
Bonferroni’s correction; P = 0.04). (D) Survival 
of ∆lipl2 parasites after different periods of 
acetate (Ac) deprivation. Parasite growth 
assays were initiated after different periods 
of maintenance in acetate-free medium. 
The plots show the growth of these cultures 
after reintroduction of acetate. Significant 
parasite growth was observed on day 2 of the 
outgrowth period in the culture deprived for 
12 h relative to the culture deprived for 24 h 
(two-way ANOVA, followed by Bonferroni’s 
correction; P values are provided in the plot). 
(E–H) Fraction of isotopically labeled acetyl-
CoA (E), N-acetyl-glutamate (F), citrate (G), or 
succinate (H) when incubated with labeled 
glutamine (Glut) or glucose (Gluc) in parental 
or ∆lipl2 parasites. For labeling experiments, 
color coding indicates the mass shift from the 
incorporation of heavy labeled carbon atoms 
in addition to the mass (M) of the parent 
compound. Labeling data are presented 
as the fraction of the total metabolite pool 
determined from N = 3 experiments (parental) 
or N = 2 experiments (∆lipl2), with error bars 
representing the SD. Error bars in the growth 
curves represent the SD from at least two 
independent experiments, each conducted in 
quadruplicate.
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Consistent with the direct 13C labeling experiments shown in 
SI Appendix, Table S2, these results also show that acetyl-CoA pro-
duced in the mitochondrion by mPDH is essential for the acetyl-
ation of histones and other proteins located outside of the 
mitochondrion.

Discussion

The mitochondrion is typically thought of as the site of oxidative 
phosphorylation that provides energy for eukaryotic cells (53). In 
blood-stage malaria parasites, components of the TCA cycle and 
the ATP synthase have been successfully deleted, demonstrating 
that oxidative phosphorylation is not required during this stage of 
parasite development (45, 54). What then are the essential roles of 
the mitochondrion in blood-stage parasites? The first answer to this 
question came from a seminal study showing that the mitochon-
drion produces the pyrimidine orotate and that this process is ulti-
mately inhibited by the antimalarial drug atovaquone (55). A second 
essential product of the parasite mitochondrion is likely to be the 
precursor for iron–sulfur cluster synthesis in the cytosol by the cyto-
solic iron–sulfur cluster assembly (CIA) pathway (56). Although 
there is no direct evidence in malaria parasites that the CIA pathway 
relies on the mitochondrion, this seems to be an aspect of mito-
chondrial metabolism that is extremely well conserved, even in 
organisms that contain highly reduced mitosomes and mitochon-
drion-like organelles (57, 58). The results presented in the current 
work expose a third essential role for the mitochondrion—providing 
the precursors for protein acetylation.

The enzyme complex originally annotated as BCKDH was an 
obvious candidate for producing acetyl-CoA in P. falciparum. 
BCKDH (E2 subunit) was previously localized to the mitochon-
drion (40) and was proposed to be the major source of acetyl-CoA 
(59), especially after it was shown that the apicoplast PDH does 
not appreciably contribute to the acetyl-CoA pool or metabolic 
pathways downstream of this central precursor in blood-stage P. 
falciparum parasites (28). A seminal study conducted in the 
murine malaria parasite P. berghei and the apicomplexan parasite 
T. gondii showed that deletion of the BCKDH E1α subunit sig-
nificantly reduced the incorporation of carbon from glucose into 
TCA cycle metabolites and dramatically reduced parasite fitness 
(33). Additionally, carbon from branched-chain amino acids was 
not incorporated into acetyl-CoA, establishing the BCKDH as a 
mitochondrial PDH (mPDH) in these organisms (33). 
Interestingly, the P. berghei E1α deletion line was no longer able 
to infect mature erythrocytes, but could only propagate in 
nutrient-rich reticulocytes (33). This phenotype suggested that 
our P. falciparum mPDH E1α deletion line (ΔmpdhE1α) would 
also fail to infect mature erythrocytes, but we did not observe a 
growth defect in this line or our ΔmpdhE2 line (Fig. 1 E and F). 
Instead, we found that the E2 subunits of mPDH and KDH form 
a synthetic lethal pair, suggesting that both mPDH and KDH 
contribute to acetyl-CoA metabolism (Fig. 3).

In P. falciparum parasites, KDH participates in the TCA cycle 
and generates succinyl-CoA, which is then converted into succi-
nate (45). Deletion of the KDH E1 subunit blocked the incorpo-
ration of carbon from glutamine into succinate and led to the 
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Fig. 7. Acetyl-CoA biosynthesis using supplemented acetate is essential only in the absence of a mitochondrial source. (A and B) Fraction of isotopically labeled 
acetyl-CoA (A) or N-acetyl-glutamate (B) when incubated with labeled glutamine (Glut), glucose (Gluc), or acetate (Ac) in parental or ∆lipl2 parasites. Unlabeled acetate 
was provided in the heavy labeled glutamine and glucose conditions to maintain the same concentration of acetate in all experiments. For labeling experiments, 
color coding indicates the mass shift from the incorporation of heavy labeled carbon atoms in addition to the mass (M) of the parent compound. Labeling data 
are presented as the fraction of the total metabolite pool determined from N = 2 experiments, with error bars representing the SD. (C) Immunofluorescence 
colocalization of hemagglutinin-tagged ACS (green) with nuclear DNA stained with DAPI (blue) in fixed ↓acs/∆lipl2 parasites. Images are 10 microns long by  
10 microns wide. (D) Western blot showing that ACS (predicted MW = 141,610 Da) levels can be regulated with anhydrotetracycline (aTc) in the ↓acs/∆lipl2 parasite 
line. After 4 d of aTc deprivation (−aTc), ACS-HA levels were below the limit of detection. Aldolase (Ald) served as a loading control. SI Appendix, Fig. S11 contains 
source data. (E) Growth curves of the ↓acs/∆lipl2 parasite line grown under four different media conditions. Acetate was added (+Ac) in two of the conditions to 
bypass the loss of LipL2. Anhydrotetracycline was added (+aTc) in two of the conditions to maximize the expression of ACS. In the presence of supplemented Ac, 
expression of ACS (+aTc) allowed parasites to outgrow ACS knockdown parasites (−aTc) by day 4 of the experiment (two-way ANOVA, followed by Bonferroni’s 
correction; P = 0.04). Error bars represent the SD from two independent experiments, each conducted in quadruplicate.
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accumulation of KDH substrate α-ketoglutarate (45). These 
results demonstrate that KDH functions as a TCA cycle enzyme, 
but does KDH also produce acetyl-CoA? The dual specificity for 
KDH is consistent with biochemical experiments showing that 
both pyruvate and α-ketoglutarate are good substrates for recom-
binant P. falciparum KDH E1 with only a twofold difference in 
specific activity between the two substrates (48). Presumably, the 
KDH E2 subunit would then function with the E1 subunit to 
produce acetyl-CoA from pyruvate. Alternatively, the mPDH and 
KDH could exchange subunits as has been reported previously in 

bacterial organisms (49). In an attempt to demonstrate that KDH 
alone can produce acetyl-CoA, we deleted both subunits of the 
mPDH and found that this line (ΔpE1α/ΔpE2) was able to grow 
without acetate supplementation (Fig. 5). This result suggests that 
the (ΔpE1α/ΔpE2) line can produce acetyl-CoA; however, we did 
not observe significant incorporation of glucose carbon into 
acetyl-CoA in ΔpE1α/ΔpE2 parasites (Fig. 5). It is possible that the 
production of acetyl-CoA by KDH in the ΔpE1α/ΔpE2 line is suf-
ficient for parasite growth, but is too low to be accurately meas-
ured in the short labeling period of our experiments (2.5 h). 
Alternatively, KDH may contribute to acetyl-CoA production 
through another pathway (such as branched-chain amino acid 
degradation).

Our metabolite-labeling experiments are consistent with pre-
vious studies showing that the TCA cycle is dispensable in 
blood-stage P. falciparum parasites (45). The two main sources of 
TCA cycle carbon skeletons (glucose incorporation into acetyl-CoA 
and glutamine incorporation into succinate) are blocked in the 
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Fig. 8. Mitochondrial acetyl-CoA is required for acetylation reactions in other 
cellular compartments. (A) Illustration of the labeling experiment designed 
to determine whether acetyl-CoA synthesized in the mitochondrion is used 
for acetylation of cellular proteins. (B) Immunofluorescence colocalization of 
hemagglutinin-tagged mPDHE2 (green) with MitoTracker (red) in fixed ↓pE2 /∆kE2 
parasites. Nuclear DNA was stained with DAPI (blue). Images are 10 microns 
long by 10 microns wide. (C) Western blot showing that mPDHE2 levels can be 
regulated with aTc in the ↓pE2 /∆kE2 line. After 4 d of aTc deprivation (−aTc), 
mPDHE2-HA levels were below the limit of detection. Aldolase (Ald) served as 
a loading control. SI Appendix, Fig. S12 contains source data. (D) Growth curves 
comparing the growth of ↓pE2 /∆kE2 parasites in the presence and absence of 
anhydrotetracycline (aTc). After 4 d, the cultures were diluted by a factor of 10 
to avoid overgrowth. Parasites expressing mPDHE2 (+aTc) outgrew knockdown 
parasites (−aTc) by day 6 of the experiment (two-way ANOVA, followed by 
Bonferroni’s correction; P = 0.0001). Error bars represent the SD from two 
independent experiments, each conducted in quadruplicate.

Table 1. Incorporation of 13C-glucose into protein acetylation sites in ↓pE2/∆kE2 parasites cultured under permissive 
(+aTc) or nonpermissive (−aTc) conditions

13C-glucose fed to ↓pE2/∆kE2 13C detected 12C detected

Experiment Condition 13C-acetyl proteins 13C-acetyl sites* 12C-acetyl proteins 12C-acetyl sites*

1 +aTc 8 9 (7) 3 5 (2)
−aTc 3 3 (1) 12 22 (17)

2 +aTc 12 14 (10) 3 3 (0)
−aTc 0 0 11 14 (8)

3 +aTc 7 9 (8) 2 2 (0)
−aTc 3 4 (1) 15 19 (11)

Totals +aTc 27 34 (25) 8 10 (2)
−aTc 6 7 (2) 38 55 (36)

*Numbers in parentheses correspond to acetylation sites that have been previously observed by Cobbold and coworkers (12).
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Fig. 9. Metabolic model of acetyl-CoA synthesis in blood-stage P. falciparum 
parasites. Red arrows highlight processes required for the synthesis of acetyl-CoA 
and gray arrows indicate processes that are relevant to other stages of parasite 
development (aPDH activity in the apicoplast) or other cellular environments 
(scavenging of acetate). LipL1 and LipL2 require lipoate scavenged from the 
external environment to activate mPDH and KDH. Acetyl-CoA synthesized in 
the mitochondrion by mPDH and/or KDH is used to acetylate proteins in other 
compartments of the parasite. It is not clear how acetyl-CoA is exported from 
the mitochondrion (red question marks) or whether a product formed from 
acetyl-CoA is exported. Abbreviations: LipL1, lipoate ligase 1; LipL2, lipoate ligase 
2; PDH, pyruvate dehydrogenase; mPDH, mitochondrial PDH; aPDH, apicoplast 
PDH; KDH, α-ketoglutarate dehydrogenase; ACS, acetyl-CoA synthetase; PEP, 
phosphoenolpyruvate; TCA, tricarboxylic acid cycle.
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ΔpE2/ΔkE2 and Δlipl2 lines (Figs. 4 and 6). Unlike any of the TCA 
cycle deletion lines reported by Ke and coworkers (45), our ΔpE2/
ΔkE2 and Δlipl2 lines require acetate supplementation for survival. 
These results demonstrate that blood-stage parasites need 
acetyl-CoA produced in the mitochondrion for some purpose 
other than the TCA cycle. The data presented in SI Appendix, 
Table S2 and Table 1 show that acetyl-CoA generated in the mito-
chondrion was used to acetylate both cytoplasmic and nuclear 
proteins, revealing an unexpected role for mitochondrial 
acetyl-CoA. This insight may extend to other malaria parasites but 
does not apply to related parasites such as T. gondii. In T. gondii, 
multiomic analysis of the BCKDH E1α deletion line shows that 
loss of mitochondrial acetyl-CoA results in few changes in the 
acetylome, transcriptome, and proteome in cellular compartments 
outside of the mitochondrion (60). The acetyl-CoA pool in the 
nucleus and cytoplasm appears to be largely independent of the 
mitochondrion in T. gondii and relies on sources of acetyl-CoA 
that are not available to malaria parasites when they infect mature 
erythrocytes (60). ATP citrate lyase (ACL) produces acetyl-CoA 
in the cytosol of T. gondii but is not found in malaria parasites. 
The nuclear ACS enzyme in T. gondii may also produce more de 
novo acetyl-CoA in the nutrient-rich environment of nucleated 
host cells. ACS and ACL form a synthetic lethal pair (61) in T. 
gondii, and ablation of both enzymatic activities results in radical 
hypoacetylation of histones, glycolytic enzymes, and other nuclear/
cytosolic proteins (60).

Mitochondrial export of acetyl-CoA has been extensively stud-
ied in eukaryotic cells (62, 63). One common method is to trans-
port citrate formed from acetyl-CoA by citrate synthase to the 
cytosol where an ACL enzyme can then use citrate to regenerate 
acetyl-CoA (64). Malaria parasites contain a mitochondrial citrate 
synthase (45) and mitochondrial carrier proteins that could trans-
port citrate (65, 66), but do not seem to have an ACL enzyme, 
making the existence of a citrate shuttle unlikely. A second method 
of exporting acetyl-CoA is by forming acetyl-L-carnitine (67, 68). 
However, a carnitine shuttle and the key mitochondrial enzyme 
carnitine acetyltransferase do not seem to exist in Plasmodium 
parasites. A third possibility involves the conversion of mitochon-
drial acetyl-CoA to acetate, either by a hydrolase or by using a 
CoA transferase (with succinate as the other substrate) such as the 
acetate:succinate CoA transferase found in the mitochondria of 
Trypanosoma brucei (69). A final possibility could be that an 
acetyl-CoA specific transporter is used to export acetyl-CoA from 
the mitochondrion even through this is not an activity typically 
found in mitochondria (70, 71). As discussed above, our data 
showing label incorporation into the Δlipl2 line in the presence 
of 5 mM acetate (SI Appendix, Fig. S7F) are consistent with mito-
chondrial acetyl-CoA transport. An acetyl-CoA-specific trans-
porter identified in Plasmodium parasites was shown to be localized 
to the endoplasmic reticulum based on immunofluorescent stain-
ing (72), and it seems unlikely that it would have a role in the 
mitochondrion as well. Alternatively, the carrier protein that is 
responsible for CoA import into the mitochondrion may help to 
export acetyl-CoA and this hypothesis could be tested once this 
carrier protein is identified. Although it remains to be determined 
whether acetyl-CoA is exported or a shuttle mechanism is used, 
our results show that acetyl-CoA generated in the mitochondrion 
is ultimately used elsewhere in the cell.

Our study also provides further insight into cofactor require-
ments during the asexual blood stages of P. falciparum. The KDH 
and mPDH enzyme complexes both require the cofactors thia-
mine pyrophosphate (TPP), flavin adenine dinucleotide (FAD), 
and lipoate (34). The thiamine antimetabolite oxythiamine kills 
blood-stage malaria parasites and dramatically reduces the ability 

of the parasites to incorporate carbon from glucose into acetyl-CoA 
(28, 48). Although oxythiamine likely inhibits essential enzymes 
in isoprenoid biosynthesis (29) and the pentose phosphate path-
way (73), its effect on acetyl-CoA synthesis can be explained 
through the inhibition of aPDH, mPDH, and KDH. The E3 
subunit contains FAD cofactor (42, 50) and should be required 
for the activity of both mPDH and KDH. Interestingly, Δe3 par-
asites can survive longer without acetate supplementation than 
ΔpE2/ΔkE2 or Δlipl2 parasites (Figs. 2, 3, and 6), perhaps because 
the reoxidation of lipoate catalyzed by the E3 subunit can occur 
to some extent through other enzymatic or nonenzymatic reac-
tions. The cofactor lipoate is also required for the activity of PDH 
and KDH enzymes (34). Malaria parasites scavenge lipoate and 
covalently attach it to the E2 subunits of mPDH and KDH as 
well as a third mitochondrial protein called the H-protein (39). 
Biochemical studies explained how lipoate could be attached to 
these three mitochondrial proteins in malaria parasites. 
Recombinant lipoate ligase (LipL1) catalyzes the formation of 
lipoyl-AMP from lipoate and ATP and can subsequently transfer 
the lipoyl moiety to the H-protein, but it does not recognize KDH 
or mPDH as substrates (40). A lipoyl transferase called LipL2 is 
required to attach lipoate to the E2 subunits of KDH and mPDH 
using lipoyl-AMP made by LipL1 (50). If LipL2 has the same 
enzymatic activity in the complex environment of the parasite 
mitochondrion, we would expect deletion of LipL2 to result in 
the inactivation of both KDH and mPDH. The growth, acetate 
dependence, and metabolism of Δlipl2 parasites closely mimic 
that of the double deletion line (ΔpE2/ΔkE2), confirming this 
hypothesis (Fig. 6). The dependence of the Δlipl2 line on acetate 
supplementation further suggests that LipL2 does not have any 
other essential roles in parasite biology other than supporting the 
generation of acetyl-CoA.

Conclusions

In this report, we show that the mitochondrion of malaria parasites 
is responsible for the synthesis of cellular acetyl-CoA, and that 
this metabolite is used in other compartments of the cell. 
Surprisingly, two enzymes may be capable of synthesizing acetyl-
CoA in the mitochondrion and both must be inactivated to halt 
the growth of blood-stage parasites. One route to inactivate both 
enzymes is by preventing the attachment of the cofactor lipoate 
catalyzed by LipL2. Deletion of LipL2 blocks acetyl-CoA synthesis 
in the mitochondrion and results in parasites that can only survive 
when supplemented with high levels of acetate in their growth 
medium. We show that the ACS enzyme is responsible for the 
survival of parasite lines deficient in mitochondrial acetyl-CoA 
synthesis by mobilizing exogenous acetate to form acetyl-CoA. 
However, this metabolic bypass is unlikely to support parasite 
growth in vivo since more than 1 mM acetate is required, which 
is substantially higher than the concentration that has been 
reported in human blood (74). Taken together, these results sup-
port a model in which the mitochondrion is needed to generate 
cellular acetyl-CoA in malaria parasites and ACS is required to 
recycle acetate produced from deacetylation reactions back into 
acetyl-CoA (Fig. 9). Ultimately, this work links the scavenging of 
the host metabolite lipoate to the production of an essential mito-
chondrial metabolite which then can alter a broad range of cellular 
processes through the acetylation of proteins including histones, 
transcription factors, and metabolic enzymes. The prospect of a 
mitochondrial pathway controlling many of these critical cellular 
processes supports the further exploration of mitochondrial acetyl-
CoA biosynthesis as a unique pathway for antimalarial therapeutic 
interventions.D
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Materials and Methods

Detailed information on material and methods used in this study are found in 
SI Appendix.

Generation of Knockout and Knockdown Constructs. We employed Cas9-
mediated gene editing (75) using plasmid pCasG–LacZ (52) to express Cas9 and a 
gRNA and repair plasmid pRSng (29, 76). For generation of pRSng, homology arms 
of ~200 to 400 bp from the gene of interest were amplified using homology arm 
(HA) 1 and 2 forward and reverse primers (Dataset S1) using blood-stage P. falciparum 
NF54attB genomic DNA as template. The plasmid pCasG–LacZ was digested with BsaI 
for insertion of double-stranded DNA adaptamers (generated from primers listed in 
Dataset S1); positive colonies were selected using blue/white colony screening. To 
generate double knockout lines, the gene encoding human dihydrofolate reductase 
(dhfr) was excised from plasmid pRSng using BamHI/HindIII and replaced with a 
sequence encoding Aspergillus terreus Blasticidin S Deaminase codon harmonized 
for expression in P. falciparum (77) to generate the pRSngB plasmid. For knockdown 
constructs ↓mpdhE2 (mPDHE2 knockdown) and ↓acs (ACS knockdown), we used a 
variant of plasmid pMG74 (51) called pKD (52). The sequences of primers used for 
amplifying homology arms and the gRNA sequences are included in Dataset S1. The 
guide RNA was cloned into the pCasG–LacZ vector as described above.

P. falciparum Transfections to Generate Knockout and Knockdown Lines. 
For deletion of mpdhE1α (PF3D7_1312600), mpdhE2 (PF3D7_0303700), e3 
(PF3D7_1232200), kdhE2 (PF3D7_1320800), and lipl2 (PF3D7_0923600), 300 
μL red blood cells were electroporated with 75 μg each of gene-specific pRSng 
and pCasG plasmids. For the generation of acs (PF3D7_0627800)- and mpdhE2 
(PF3D7_1314600)-inducible knockdown lines, plasmid pKD was linearized by 
overnight digestion with EcoRV. Transfection was performed by electroporating 
75 μg linearized pKD along with 75 μg of the corresponding pCasG plasmid 
into 300 μL uninfected red blood cells. After electroporation, 2.5 mL NF54attB 
parasites (78) were added to the transfected red blood cell cultures, followed by 
drug selection approximately 48 h later. Knockout and knockdown parasite lines 
were validated with genotype PCR reactions using primers listed in Dataset S1.

Analysis of Parasite Lines. For growth curve determination, parasites were 
stained with SYBR Green and analyzed via flow cytometry. Parasite lines of inter-
est were each seeded in quadruplicates in 96-well plates at about 0.5% para-
sitemia. Parasitemia was then measured at 2-d intervals as previously described 
(76). Immunofluorescent microscopy, western blot analysis, and whole-genome 
sequencing were performed as described in SI Appendix. Genomic sequence data 
are available at the NCBI Sequence Read Archive under submission PRJNA781991 
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA781991).

13C-Metabolic Labeling Experiments to Detect Acetylated Proteins. Blood-
stage parasite cultures were initiated in 50 mL culture flasks at 2% hematocrit, 
at ~1% parasitemia, and grown for 4 d. Wild-type parasites were grown in glu-
cose-free media that was supplemented with 2 g/L 13C-glucose for all the 4 d. For 
the knockdown experiments, the ↓mpdhE2/ΔkdhE2 line (↓pE2/ΔkE2) was cultured 

in permissive (0.5 µM aTc) or nonpermissive (No aTc) conditions for 4 d. As shown 
in Fig. 8D, acetate supplementation was not needed since the growth of ↓pE2/
ΔkE2 parasites in permissive and nonpermissive conditions is similar for up to 4 d. 
For the last 2 d of the growth period, parasites were cultured in glucose-free media 
that was supplemented with 2 g/L 13C-glucose. After the 4-d growth period, cells 
were harvested through centrifugation at 2,000 g for 10 min and processed for 
protein extraction. Protein extracts (~20 µg) were analyzed by mass spectrometry 
(LC-MS/MS) to identify acetylated peptides as described in SI Appendix.
13C-Metabolic Labeling Experiments to Detect Small Metabolites. 
Plasmodium falciparum parasites used for metabolomics experiments were 
tightly synchronized one cycle prior to performing the metabolite extraction 
procedure. To eliminate possible variation of culture conditions prior to per-
forming metabolomics experiments, all parasite cultures used for metabolomics 
experiments were grown in media supplemented with 5 mM acetate. On the day 
of metabolite extraction, parasites were cultured to 5 to 10% early trophozoites 
at 4% hematocrit. The parasites were then magnetically purified from unin-
fected RBCs and the resulting culture was consolidated in fresh media without 
additional acetate. Parasite concentration was determined using a hemocytom-
eter, and triplicate samples were prepared with 1 × 108 cells in 5 mL labeling 
media for each condition. The media used for labeling was deprived of labeled 
metabolite: glucose, glutamine, or acetate. Before initiating incubation, 13C6-
glucose, 13C5-glutamine, or 13C2-acetate was added to a concentration equiva-
lent to standard culture conditions (11 mM for glucose, 2 mM for glutamine, 
and 5 mM for acetate). The only experiments in which acetate was returned 
to the growth medium were the experiments testing the labeled fraction 
of 13C-acetate. In that case, unlabeled acetate was added to the samples 
that were treated with heavy labeled glucose or glutamine. Parasites were 
incubated under labeling conditions for 2.5 h followed by processing for 
HPLC/MS analysis as described in SI Appendix. Processed data for the metab-
olites presented in this manuscript are available in Dataset S2. Raw data 
for all metabolites are available at the NIH workbench under submission 
ST002024 (https://www.metabolomicsworkbench.org/data/DRCCMetadata.
php?Mode=Study&StudyID=ST002024).

Data, Materials, and Software Availability. Genomic sequences Raw metab-
olite data have been deposited in NCBI Sequence Read Archive the NIH work-
bench (PRJNA781991) (79). Raw data for all metabolites are available at the NIH 
workbench under submission ST002024 (https://www.metabolomicsworkbench.
org/data/DRCCMetadata.php?Mode=Study&StudyID=ST002024) (80).
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