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The human malaria parasite Plasmodium falciparum requires exogenous fatty acids to
support its growth during the pathogenic, asexual erythrocytic stage. Host serum lys-
ophosphatidylcholine (LPC) is a significant fatty acid source, yet the metabolic processes
responsible for the liberation of free fatty acids from exogenous LPC are unknown.
Using an assay for LPC hydrolysis in P, falciparum—infected erythrocytes, we have iden-
tified small-molecule inhibitors of key in situ lysophospholipase activities. Competitive
activity-based profiling and generation of a panel of single-to-quadruple knockout
parasite lines revealed that two enzymes of the serine hydrolase superfamily, termed
exported lipase (XL) 2 and exported lipase homolog (XLH) 4, constitute the dominant
lysophospholipase activities in parasite-infected erythrocytes. The parasite ensures effi-
cient exogenous LPC hydrolysis by directing these two enzymes to distinct locations:
XL2 is exported to the erythrocyte, while XLH4 is retained within the parasite. While
XL2 and XLH4 were individually dispensable with little effect on LPC hydrolysis in situ,
loss of both enzymes resulted in a strong reduction in fatty acid scavenging from LPC,
hyperproduction of phosphatidylcholine, and an enhanced sensitivity to LPC toxicity.
Notably, growth of XL/XLH-deficient parasites was severely impaired when cultured
in media containing LPC as the sole exogenous fatty acid source. Furthermore, when
XL2 and XLH4 activities were ablated by genetic or pharmacologic means, parasites
were unable to proliferate in human serum, a physiologically relevant fatty acid source,
revealing the essentiality of LPC hydrolysis in the host environment and its potential
as a target for anti-malarial therapy.
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Malaria counts among the most devastating infectious diseases in the world today. An
estimated 247 million cases and 619,000 deaths were attributed to malaria in 2021 (1).
Continued development of new anti-malarial strategies will be required to mitigate the
effects of eventual drug resistance against current frontline therapies (2).

During the pathogenic, asexual stage of the human malaria parasite Plasmodium falci-
parum within erythrocytes, high rates of phospholipid synthesis are required to support
the expansion of parasite membranes (3). Parasites also produce the neutral lipids diacylg-
lycerol (DAG) and triacylglycerol (TAG), which are deposited in lipid droplets and are
mobilized late in the replication cycle (4, 5). Although the P falciparum genome encodes
enzymes for de novo fatty acid (FA) synthesis, these are dispensable in the asexual stage
(6). Thus, the intraerythrocytic parasite is dependent on exogenous sources of fatty acids
to support its vigorous anabolic activity. Host serum contains two abundant fatty acid
sources: free fatty acids and lysophosphatidylcholines (LPC) (7). LPC consists of a fatty
acyl chain (that can vary in length and degree of unsaturation) esterified to glycerophos-
phocholine and is transported through the circulation as a complex with serum albumin
(8). Studies with isotope-labeled LPC have demonstrated that LPC-derived fatty acids
are readily incorporated into parasite lipids (9, 10). Furthermore, LPC can support parasite
growth as the sole source of exogenous fatty acids (11). LPC catabolism also provides
choline (10, 12), an important precursor for phosphatidylcholine (PC) biosynthesis. While
the metabolites supplied by LPC catabolism support asexual growth, the depletion of this
host lipid plays a regulatory role by enhancing commitment to gametocytogenesis (10).

It has long been evident that asexual P falciparum exhibits high levels of A-type lys-
ophospholipase activity, which generates free fatty acids and glycerophosphocholine from
LPC (13). While the identity of the enzyme(s) responsible for this activity is unknown,
members of the serine hydrolase superfamily are likely candidates, based on the
well-established esterase and thioesterase activities of mammalian lysophospholipases A1
and A2 (14). Deletion of both enzymes in Neuro2A cells resulted in elevated LPC levels,
which suggests that their lysophospholipase activities are physiologically relevant (15).
Two chemoproteomic studies have identified 29 serine hydrolases that are expressed during
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the asexual development of P falciparum (16, 17). Three of these
enzymes, termed PfLPL1, PfLPL3, and PfLPL20, have been
shown to have lysophospholipase activity in vitro and PfLPL3
contributed to the hydrolysis of a fluorescent LPC analog in the
parasitophorous vacuole (18-20). At this time, the number of
lysophospholipases expressed in the asexual parasite, and their
relative contributions to exogenous LPC hydrolysis, remain to be
clearly defined.

To expedite the discovery of key parasite lysophospholipases,
we have pursued complementary chemical biology and genetic
approaches. We first developed an assay for in situ LPC hydrolysis
that enabled the identification of serine hydrolase inhibitors that
block the release of fatty acids from LPC (here, in situ refers to
processes in intact, infected erythrocytes in culture). Candidate
lysophospholipases were interrogated by activity-based protein
profiling, leading to a serine hydrolase subgroup consisting of four
paralogs. Single and multigenic knockout parasite lines were gen-
erated to characterize their roles individually and in combination.
Two of these four enzymes were revealed to be the source of nearly
all LPC-hydrolyzing activity in asexually replicating parasites. The
consequences of the loss of these activities on the ability of para-
sites to scavenge fatty acids from LPC and to survive in high-LPC
environments were investigated.

Results

Parasite Serine Hydrolases Catalyze LPC Hydrolysis In Situ. To
gain insight into key lysophospholipase activities, we sought to
identify serine hydrolase-directed, small-molecule inhibitors of
LPC hydrolysis in situ. We developed an approach based on a
quantitative, intact-cell assay for the incorporation of a fluorescent
fatty acid analog, BODIPY™ 500/510 C,, C, (C4,C9-FA), into
parasite neutral lipids with BODIPY-TR-ceramide (BTC) serving
as an internal standard for normalization (21). We reasoned that
unlabeled fatty acids derived from LPC hydrolysis would compete
with C4,C9-FA and thereby reduce lipid-associated fluorescence.
To test this, C4,C9-FA labeling of the neutral lipids diacylglycerol
(DAG) and triacylglycerol (TAG) in cultured parasites was
examined in the presence of exogenous LPC 18:1 (Fig. 14). LPC
reduced C4,C9-FA incorporation in a concentration-dependent
manner, while a non-hydrolysable LPC analog (lyso-platelet
activating factor 18:1) was ineffective (Fig. 1A4). These findings
demonstrate that LPC hydrolysis is required for suppression of
C4,C9-FA labeling and that LPC/C4,C9-FA mixtures can serve
as the basis of an assay for inhibition of in situ lysophospholipase
activities.

We next tested a panel of serine hydrolase inhibitors for the
ability to block LPC hydrolysis as reflected by a gain in C4,C9-FA
labeling of DAG and TAG (Fig. 1 B and (). These inhibitors
included: 1) isopropyldodecyl fluorophosphonate (IDFP), a mon-
oacylglycerol isostere and potent lipase inhibitor (22) that we have
previously employed to identify putative P falciparum lipases (17);
2) JW642, a monoacylglycerol lipase inhibitor (23) that inhibits
an abundant P falciparum serine hydrolase and putative lipase
termed “prodrug activating and resistance esterase” (PfPARE) (17);
and 3) a panel of highly potent, structurally diverse, inhibitors of
mammalian monoacylglycerol lipase that are based on a pipera-
zine- or piperadine-urea scaffold (24) (see Fig. 1D and SI Appendix,
Fig. S1A for compound structures). All inhibitors act through a
competitive-covalent mechanism by reacting with the active site
serine residue and were assayed at 10 pM concentration. Only
two inhibitors, IDFP and AKU-010, elicited a strong recovery of
C4,C9-FA lipid labeling (Fig. 1C). The AKU-010 analogs
AKU-005 and AKU-006 exhibited modest and no inhibition of
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LPC hydrolysis, respectively, and JW642 did not inhibit LPC
hydrolysis. To control for the effects of inhibitors on C4,C9-FA
uptake and DAG and TAG labeling per se, the screen was repeated
in the absence of LPC (81 Appendix, Fig. S1B). While some inhib-
itors caused a modest decrease in label incorporation relative to
vehicle control, this effect did not account for the suppression of
labeling observed in the presence of LPC and AKU-005,
AKU-006, or JW642. A statistical test demonstrated that label
incorporation in the presence of AKU-010 was unaffected by LPC,
in contrast to the other analogs tested (S/ Appendix, Fig. S1B). We
conclude that AKU-010 acts to inhibit LPC hydrolysis in situ.
Furthermore, the compounds AKU-010/005/006/]JW642 define
an inhibition profile for the dominant P falciparum lysophospho-
lipase activities.

To identify candidate lysophospholipases, we profiled the inhib-
itor sensitivities of parasite and host serine hydrolases using the
activity-based probe TAMRA-fluorophosphonate (TAMRA-FP)
(25). To ensure that all enzymes within the infected erythrocyte
were included in this analysis, parasitized erythrocytes (infected
RBC, or iRBC) were highly enriched by “magnetic activated cell
sorting,” or MACS (26). The strong labeling of host erythrocyte
acylpeptide hydrolase (80 kDa) as well as a parasite-internalized
form (55 kD) was suppressed using the APEH-selective inhibitor
AA74-1 (27). Profiling of iRBC lysate revealed multiple serine
hydrolases for which TAMRA-FP labeling was blocked by
AKU-010, and several of these exhibited an inhibitor specificity
that matched the in situ profile (Fig. 1E). Contrasting with this,
none of the host erythrocyte serine hydrolases was inhibited by
AKU-010 (Fig. 1F), indicating that parasite-encoded enzymes are
the key catalysts of LPC hydrolysis in infected erythrocytes.

Two Exported Serine Hydrolases Are Targets of AKU-010. To gain
insight into the enzyme(s) responsible for LPC hydrolysis, we
consulted our previous proteomic analysis of serine hydrolase-
family lipases in P, falciparum (17). Of the seven putative lipases
identified in that study, one stood out as a top candidate:
PF3D7_1001600, previously termed “exported lipase 2” (XL2)
based on its export to the host erythrocyte cytosol (28). XL2 has
a predicted molecular mass (88.6 kDa) that is consistent with
that observed for the major activity in the TAMRA-FP analysis
(Fig. 1E). A paralog of XL2, termed “exported lipase 17 (XL1;
PF3D7_1001400), is also exported to the erythrocyte (28). To
determine whether XL1 and X2 correspond to the AKU-010-
sensitive activities, we generated single- and double-knockout
parasite lines, targeting the entire coding sequences for deletion
using a markerless CRISPR-Cas9 strategy (SI Appendix, Fig. S2
A-E). The AXLL1 line appeared to have undergone telomere
shortening or “healing,” a phenomenon that can occur when
double-stranded DNA breaks are made in sub-telomeric regions
(29), whereas the AXL2 single knockout and the AXL1/2
double knockout contained the expected gene deletion events.
All knockout lines grew normally in media containing the serum
replacement Albumax I, indicating that neither XL1 nor 2 is
required under these culture conditions.

TAMRA-FP profiling of the knockout lines revealed that XL1
corresponds to the AKU-010-sensitive activity at ~110 kDa
(Fig. 24). XL2 is a highly expressed enzyme that corresponds to
three of the AKU-010-sensitive species (Fig. 2B); the two smaller
species are likely generated by limited proteolytic cleavage. Both
proteins are absent from the AXL1/2 line (SI Appendix, Fig. S2F).
To establish that endogenous XL1 and XL2 are exported to the
host erythrocyte, MACS-enriched wild-type parasites were frac-
tionated with saponin into a supernatant fraction that contains
soluble erythrocyte proteins and a pellet fraction that contains
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Fig. 1. Serine hydrolase inhibitors block LPC hydrolysis in situ. (A) Fatty acids derived from LPC hydrolysis reduce C4,C9-FA incorporation into parasite neutral
lipids. LPC or the non-hydrolysable LPC analog lyso-PAF were co-incubated with C4,C9-FA for 30 min and incorporation into DAG and TAG was quantified and
normalized to a no-LPC control (set to 100). Means and SD are from three independent experiments. Significance of the differences in the 30 uM LPC and lyso-
PAF means was assessed using an unpaired, two-tailed t-test with Welch's correction for unequal variance (hereafter referred to as “Welch's t-test”); P-values for
DAG and TAG are indicated. (B) C4,C9-FA/LPC competition assay for identifying inhibitors of in situ LPC hydrolysis. BTC, BODIPY-TR-ceramide internal standard;
TLC, thin layer chromatography. (C) Definition of an inhibition profile for in situ LPC hydrolysis. Inhibitors were evaluated in a C4,C9-FA/LPC competition assay at
10 uM. C4,C9-FA fluorescence intensities were normalized to a no-LPC, no inhibitor control (set to 100). Means and SD are from three independent experiments.
Statistical significance (inhibitor vs. DMSO control) was assessed using Welch's t-test; P-values below 0.05 are displayed above the bars. (D) Structure of AKU-010.
(E) Inhibition of serine hydrolases in lysates of MACS-enriched, P. falciparum-infected erythrocytes as assessed by TAMRA-FP profiling. AA74-1 was included
to suppress the strong signal from erythrocyte acylpeptide hydrolase (APEH), which was present as 80- and 55-kDa species (far left lane, black asterisks). Red
asterisks indicate species with the inhibition profile AKU-010 > AKU-005 >> AKU-006, JW642. (F) TAMRA-FP profiling of uninfected erythrocytes. Inhibition of
erythrocyte serine hydrolases was only observed with IDFP and AA74-1. Black asterisk, APEH. Sizes of markers are indicated in kDa.

intraparasitic proteins (Fig. 2C). Both enzymes were recovered
exclusively in the supernatant fraction, confirming efficient export,
whereas the intracellular enzyme PfPARE (30) was located in the
parasite pellet.

To assess the effects of loss of XL1 and/or 2 on LPC hydrolysis
in situ, we modified our fatty acid probe-competition assay by replac-
ing C4,C9-FA with a terminal alkyne analog of oleic acid (oleate
alkyne, OA), a probe that more closely resembles the structure of a
physiological fatty acid. Parasites were labeled with 30 uM OA with
or without 30 uM LPC 18:1 for 40 min. Lipids were extracted from
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saponin-isolated parasites and alkyne-containing lipids were rendered
fluorescent by click addition of 3-azido-7-hydroxycoumarin and
resolved by thin-layer chromatography as previously described (31).
For the parental 3D7 line, LPC reduced OA labeling to ~30 to 60%
of that in its absence (Fig. 2 Dand E). In AXL1, AXL2, and AXL1/2
parasites, no significant changes in OA labeling were observed for
PE, DAG, or TAG compared to 3D7 (Fig. 2E). In contrast to these
lipids, PC labeling was somewhat elevated in AXL2 and AXL1/2
lines. Overall, these studies revealed that X1.1/2-deficient parasites
retained the ability to efficiently release fatty acids from LPC.
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proteins, whereas the intracellular serine hydrolase PfPARE (black asterisk) appears exclusively in the parasite pellet. In A-C, sizes of protein standards are given
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incorporation of OA into parasite lipids in 3D7 and AXL1/2 parasites. The two DAG species are 1,2- and 1,3-isomers. BTC, BODIPY-TR-ceramide internal standard.
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Ratios below 1 (dotted line) indicate suppression of OA incorporation in the presence of LPC. Means and SD are from at least three independent experiments.
Significance relative to 3D7 was assessed within lipid groups with Welch'’s t-test. *, P < 0.05.

Intracellular and Exported Lysophospholipases Contribute to
Efficient LPC Hydrolysis. We reasoned that additional AKU-
010-sensitive serine hydrolases were responsible for exogenous
LPC hydrolysis in AXL1/2 parasites. We focused our attention
on two enzymes that have been identified as XL1/2 paralogs in
the PlasmoDB database: PF3D7_0731800 and PF3D7_1328500.
Neither sequence contains a canonical PEXEL host targeting motif
(32) for export to the host erythrocyte (PlasmoDB.org); thus,
we refer to these as “exported lipase homolog” (XLH) 3 and 4,
respectively.

We first attempted to identify XLH3 in the TAMRA-FP profile
of iRBC serine hydrolases by generating a knockout line by
marker-free CRISPR/Cas9 deletion (SI Appendix, Fig. S3 A and B).
We also generated a yellow fluorescent protein (YFP)-tagged line by
single cross-over homologous recombination and selection-linked
integration (33) (S/ Appendix, Fig. S4 A and B). TAMRA-FP pro-
filing of MACS-enriched iRBCs of the AXLH3 and XLH3-YFP
parasite lines failed to reveal a labeled species that could be attributed
to XLH3. This finding suggests that the protein is not expressed in
the asexual stage or is expressed below the detection threshold of our
assay, a conclusion that is supported by published transcriptomic
and proteomic data indicating low expression in asexual parasites
(SI Appendix, Table S1). Preliminary OA/LPC competition experi-
ments yielded results essentially identical to those obtained with
3D7; thus, we did not characterize this single-knockout line in detail.

We next generated a parasite line expressing an endogenous
XLH4-YFP fusion (8] Appendix, Fig. S4C). TAMRA-FP profiling
revealed a ~30-kDa increase in molecular mass associated with a
~150-kDa serine hydrolase that was partially inhibited by 10 uM
AKU-010 in vitro (Fig. 34). Live-cell fluorescence microscopy
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revealed a diffuse distribution of XLH4-YFP within the parasite
(Fig. 3B). A similar distribution was observed in aldehyde-fixed
parasites expressing XLH4 fused to a triple hemagglutinin (HA)
tag (Fig. 3C). In both cases, the enzyme was only observed within
the confines of the parasitophorous vacuole/plasma membrane in
what appears to be a primarily cytosolic distribution. To assess the
contribution of XLH4 to LPC hydrolysis, we generated parasite
lines in which the XLH4 coding sequence was truncated by
homologous recombination to render the enzyme non-functional,
yielding single (AXLH4), double (AXL2/XLH4) and triple
(AXL1/2/XLH4) knockout lines (SI Appendix, Fig. S3 C-E).
Finally, we introduced an XLH3 coding sequence deletion on the
AXL1/2/XLH4 background to produce a parasite line devoid of
all four XL/XLH coding sequences (S/ Appendix, Fig. S3F). The
resulting AXL1/2/XLH3/4 line is referred to as “quadruple knock-
out,” or QKO. We confirmed the loss of XLH4 in two inde-
pendently generated lines (AXL2/XLH4 and QKO) by
TAMRA-FP profiling (Fig. 3D and SI Appendix, Fig. S3G).
OA/LPC competition assays were conducted to determine the
contribution of XLH4 to in situ LPC hydrolysis. While loss of
XLH4 alone had a minimal effect, deletion of XLH4 on a AXL2
background (AXL2/XLH4, AXL1/2/XLH4, and QKO lines) was
associated with a strong reduction of LPC hydrolysis as reflected
by increased OA labeling of DAG, TAG and PE (Fig. 3E; a
+LPC/-LPC ratio of 1 indicates no competition). To our surprise,
a ~10-fold increase in the fluorescence ratio for PC was observed
with AXL1/2/XLH4 and QKO lines over the parental 3D7 line.
An increase in PC labeling was also observed with LPC 16:0 but
not when LPC was replaced with lysophosphatidylethanolamine,
lysophosphatidylserine, or the non-hydrolysable LPC analog
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Exported XL2 and intraparasitic XLH4 govern the metabolism of exogenous LPC in asexual parasites. (A) TAMRA-FP profiling of MACS-enriched parental

3D7 and XLH4-YFP-expressing parasites. YFP tagging of XLH4 results in a mass increase of ~30 kDa. A ~270-kDa erythrocyte serine hydrolase, which is not inhibited
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experiments. Significance relative to 3D7 was assessed within lipid groups with Welch's t-test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (F) Enhanced OA labeling
of PC in QKO parasites is not due to erythrocyte acyltransferase activity. Equivalent numbers of MACS-enriched QKO iRBC or uninfected erythrocytes (URBC)
were labeled with OA with or without LPC as indicated, in duplicate. Phospholipids were resolved by TLC. (G) TAMRA-FP profiling of MACS-enriched parasites
reveals comparable XL2 expression in the complemented QKO parasite (QKO/XL2c) and parental 3D7 lines. The loading control is that described in A. (H) In vitro
lysophospholipase activity in lysates of equivalent numbers of MACS-enriched iRBC or uRBC. Percent of TopFluor LPC hydrolysis is shown for serial threefold

dilutions of lysates. The dotted line indicates 10% substrate hydrolysis. Means and SD are from three independent experiments.

lyso-PAF (all with 18:1 fatty acyl groups; SI Appendix, Fig. S5).
The most plausible explanation for this finding is that unhydro-
lyzed LPC is directly acylated to PC through the activity of an
LPC acyltransferase. Because erythrocytes possess LPC acyltrans-
ferase activity for the purpose of phospholipid remodeling (i.e.,
the Lands cycle) (34), we asked whether PC is efficiently formed
from OA and LPC in uninfected erythrocytes. While a very small
amount of OA-labeled PC was observed, it was insignificant com-
pared to that in QKO parasites (Fig. 3F). Thus, the increase in
OA label incorporation into PC in XL/XLH-deficient parasites
cannot be attributed to a host cell acyl transfer pathway.

Finally, we complemented the QKO line with an XL2 expres-
sion cassette delivered on a piggybac transposon (SI Appendix,
Fig. S6). TAMRA-FP profiling indicated that the comple-
mented parasite line, termed QKO/XL2c, expressed XL2 at a
comparable level to that of parental 3D7 parasites (Fig. 3G). XL2
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complementation fully restored the capacity of parasites to effi-
ciently hydrolyze LPC in situ (Fig. 3E).

XL2 and XLH4 Catalyze LPC Hydrolysis. To determine whether
XL/XLH enzymes directly contribute to LPC metabolism through
hydrolysis of the fatty acyl ester via Al-type lipase activity, we
developed an in vitro lysophospholipase assay that employs a
fluorescent LPC analog, TopFluor-LPC. Lysates of MACS-
enriched 3D7, AXL2, AXL2/XLH4, QKO, and QKO/XL2c
parasites, as well as uninfected RBC (uRBC), were generated
at equivalent cell densities. Serial threefold dilutions were then
assayed for hydrolysis of TopFluor-LPC, with substrate and
product (TopFluor-FA) resolved by TLC and quantified by
fluorescence scanning (S Appendix, Fig. S7).

Consistent with a previous report (13), lysophospholipase
(LPL) activity was greatly elevated in 3D7-infected cells over that
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in uRBC (Fig. 3H). A substantial drop in LPL activity in the
AXL2 lysate indicates that much of that activity can be attributed
to XL2. Interpolating the dilutions required for 10% substrate
hydrolysis, we estimate that loss of XL2 resulted in a ~6-fold
reduction in LPL activity. Comparison of AXL2 and AXL2/XLH4
lysates revealed an additional ~3-fold drop in LPL activity upon
loss of XLH4. No further reduction of LPL activity was observed
in QKO parasites, indicating that neither XL1 nor XLH3 con-
tributed appreciably to hydrolysis of the TopFluor-LPC substrate.
The level of LPL activity was slightly above that of uRBC, which
suggests that a small amount of residual activity remains in QKO
parasites. XL2 complementation of QKO restored LPL activity
to wild-type levels. We conclude that XI.2 and X4 are authentic
lysophospholipases and that they constitute the bulk of LPC-
hydrolyzing activity in infected erythrocytes.

XL/XLH-Deficient Parasites Cannot Efficiently Use Exogenous LPC
as a Source of Fatty Acids and Are Hypersensitive to LPC Toxicity.
We expected that the depletion of LPL activities in QKO parasites
would impact their ability to scavenge fatty acids from exogenous

LPC. To test this, we washed synchronized ring-stage parasites into
media containing two LPC species, 16:0 and 18:1, as sole sources
of fatty acids (“2LPC medium”) at concentrations from 5 to 50
UM each. For normalization, parasites were also cultured with 0.5%
Albumax I. Prior studies have reported that palmitic and oleic acids
are sufficient to support parasite growth over multiple generations
(35, 36); however, we found that only one complete cycle could be
sustained in 2LPC medium. Thus, we evaluated parasite proliferation
by comparing second-cycle parasitemias, normalizing 2LPC values
to those in 0.5% Albumax-containing media.

Second-cycle parasitemias of wild-type 3D7 parasites were opti-
mal at LPC concentrations between 15 and 25 uM each (Fig. 4A)
and declined at higher concentrations. While elevated LPC con-
centrations have been reported to perturb erythrocyte membranes
(37, 38), we did not observe hemolysis under these conditions.
As expected, the second-cycle parasitemias of QKO parasites in
2LPC medium were significantly diminished at all LPC concen-
trations (Fig. 44); however, some parasite development remained
at 15 to 25 pM concentrations. Notably, XL2 complementation
of the QKO line restored robust growth in 2LPC media (Fig. 44).
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Fig. 4. Loss of XL2 and XLH4 activities impairs fatty acid scavenging from LPC, exacerbates LPC toxicity, and abrogates growth in serum. (A) QKO parasites
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have diminished ability to use LPC as a sole source of fatty acids. Ring-stage parasites were cultured for one generation in a minimal-lipid medium containing
the indicated range of concentrations of each of LPC 16:0 and 18:1 (“2LPC") or in standard culture medium containing 0.5% Albumax. Relative parasitemias
were calculated by dividing the parasitemia at each 2LPC concentration by that in 0.5% Albumax. Means and SD are shown for four independent experiments.
Significance relative to 3D7 was assessed for 15 to 25 pM concentrations with Welch's t-test. *, P < 0.05; **, P < 0.01. (B) QKO parasites are hypersensitive to
LPC toxicity. 3D7 and QKO parasites were cultured for 48 h in complete RPMI supplemented with LPC 18:1 (1.95 to 240 uM) and parasite growth was quantified
using SYBR Green. Points were fitted to a four-parameter dose-response curve. Data are from two independent experiments. (C and D) Parasites lacking XL2
and XLH4 do not proliferate in medium containing human serum. Parasite lines were grown in RPMI medium supplemented with either 0.5% Albumax I (C) or
10% pooled human serum (D). Parasitemia was determined from >1,000 RBCs on Giemsa-stained smears. Cumulative parasitemia is the parasitemia on day X
multiplied by fold-subculture up to that point. Where parasite growth was observed, data were natural-log transformed and fitted by linear regression. One of
two independent experiments with similar results is shown. (E) AKU-010 inhibits the growth of 3D7 and AXL2 parasites in serum but not Albumax I. Ring-stage
parasites were cultured for 96 h in media containing 10% human serum or 0.5% Albumax | and AKU-010 (2.2 nM to 5 pM). Parasite growth was quantified using
SYBR Green. Means and SD are from three independent experiments. Serum data points are fitted to a four-parameter dose-response curve and Albumax (Alb)
data points are shown with a connecting line. (F) AKU-010 sensitizes 3D7 parasites to LPC in Albumax-containing medium. Ring-stage parasites were cultured for
48 h with LPC 18:1 (7.5 to 240 uM), with or without 5 uM AKU-010. Parasite growth was quantified using SYBR Green. Means and SD are from three independent
experiments. Points were fitted to a four-parameter dose-response curve.
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The studies in 2LPC media suggested that parasite lysophos-
pholipases may fulfill two critical roles: generating fatty acids for
lipid synthesis and protecting against LPC toxicity. To evaluate
the latter role, we supplemented Albumax-containing medium
with LPC 18:1 at concentrations up to 240 uM and evaluated the
growth of 3D7 and QKO parasites over one cycle. QKO parasites
were substantially more sensitive to LPC toxicity compared to the
wild-type 3D7 line, with ECy, values of 33 + 3 uM and 72 + 5
UM, respectively (Fig. 4B).

All parasite lines exhibited comparable growth rates in
Albumax-containing medium (Fig. 4C), which is likely due to the
high free fatty acid and low LPC content of this serum replacement
(Discussion). Human serum, a physiologically relevant source of
exogenous fatty acids, has a substantially different composition:
high concentrations of free fatty acids and LPC, both in the range
0f200 to 300 uM (7). We assessed the ability of XL/XLH-deficient
parasites to proliferate in media containing 10% human serum
(Fig. 4D). Strikingly, QKO parasites were unable to replicate under
these conditions. This phenotype was also observed with AXL2/
XLH4 parasites but not with the single AXL2 or AXLH4 lines
(although the AXTLH4 line exhibited a substantially reduced growth
rate), indicating that robust LPC metabolism is required for parasite
growth in the presence of serum. Complementation of the QKO
line with XL2 fully restored growth in serum (Fig. 4D).

Finally, given the inability of LPL-deficient parasites to flourish
in the presence of human serum, we asked whether treatment of
3D7 and AXL2 parasites with the XL/XLH inhibitor AKU-010
would phenocopy the effects of XL2/XLH4 knockout. This was
indeed the case (Fig. 4£). In Albumax-containing medium, both
parasite lines were insensitive to AKU-010 concentrations up to
5 uM. In sharp contrast to this, growth of both parasite lines in
serum-containing medium was inhibited with AKU-010 EC,,
values of ~0.1 uM. To confirm that LPC is the serum constituent
that sensitizes parasites to AKU-010, we conducted an LPC tox-
icity assay in Albumax-containing medium with and without 5
uM AKU-010 (Fig. 4F). The ECs value dropped from 61 + 4
UM in the absence of inhibitor to 32 + 2 uM in the presence of 5
uM AKU-010. Notably, the latter ECs value is not significantly
different from that for the QKO line (Fig. 4B; P = 0.70 by Welch’s
#-test), indicating that AKU-010 is an effective inhibitor of XL/
XLH activities in cultured parasites.

Discussion

We have identified two enzymes, XL2 and XLH4, that are each
capable of efficient hydrolysis of exogenous LPC in asexual
P, falciparum—infected erythrocytes (Fig. 5A4). Knockout of either
enzyme individually had a negligible effect on the ability of par-
asites to scavenge fatty acids from LPC; however, deletion of both
enzymes greatly reduced parasite lysophospholipase activity
in vitro and in situ, diminished the ability of parasites to scavenge
fatty acids from LPC, and hypersensitized them to LPC toxicity
(Fig. 5B). A low level of residual LPL activity in QKO parasites
likely accounts for their ability to replicate to a reduced extent in
2LPC medium. To date, three other parasite serine hydrolases have
been shown to have LPL activity in vitro (18-20) and likely con-
tribute to residual activity. Overall, our studies are consistent with
previous reports that LPC-derived fatty acids are efliciently incor-
porated into parasite lipids (9, 10). The glycerophosphocholine
generated from LPC hydrolysis can be further hydrolyzed to
glycerol-3-phosphate and choline by an essential glycerophosphoe-
ster phosphodiesterase (GDPD) that is located in the parasite’s
parasitophorous vacuole and cytosol (12, 39) (Fig. 54). Because
the parasitophorous vacuole membrane is permeable to small
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Fig.5. LPCmetabolism in P. falciparum and consequences of the loss of XL2
and XLH4 activities. (A) In wild-type parasites, LPC is hydrolyzed to fatty acids
and glycerophosphocholine (GPC) either in the host erythrocyte by XL2 or
within the parasite by XLH4. The liberated fatty acids (FA) serve as precursors
for lipid synthesis while GPC is hydrolyzed to glycerol-3-phosphate (G3P)
and choline (Cho) by glycerophosphocholine phosphodiesterase (GDPD).
Exogenous fatty acids can also be taken up and incorporated into parasite
lipids. Arrows indicate metabolic reactions with the corresponding enzymes
in magenta and gray lines indicate transport processes. RBC, red blood cell;
PV, parasitophorous vacuole. (B) Loss of XL2 and XLH4 greatly diminishes the
rate of hydrolysis of LPC (a low level of hydrolysis is likely occurring but is
not depicted). LPC accumulating in the infected erythrocyte may be directly
acylated to PC through the activity of an LPC acyltransferase (LPCAT) with acyl-
CoA serving as co-substrate. Exogenous free fatty acids serve as the primary
FA source for parasite lipid synthesis.

molecules, this distribution of GDPD positions it to hydrolyze
glycerophosphocholine generated by both XL2 (in the parasito-
phorous vacuole) and XLH4 (in the cytosol).

We propose that XL2 catalyzes the hydrolysis of LPC in the
erythrocyte cytosol. The resulting fatty acids may serve as sub-
strates for parasite-exported acyl-CoA synthetases (40) and must
also be able to enter the parasite efficiently, given the ability of
XL2 complementation of the QKO line to fully restore LPC
hydrolysis and growth in 2LPC medium. XL2 is not conserved
across Plasmodium spp. but is restricted to the Laverania subgenus
consisting of human and ape parasites. This may reflect an adap-
tation to the mature erythrocyte environment, as these host cells
have a limited capacity for lipid metabolism. XLH4 is a cytosolic
enzyme that is found in human- and ape-infecting Plasmodium
species (including the non-Laveranian species vivax, knowlesi,
malariae, and ovale) but is absent from rodent parasites (PlasmoDB.
org), where LPC hydrolysis is likely catalyzed by members of the
multi-gene family of serine hydrolases annotated as “lysophospho-
lipase, putative.” We speculate that XLH4 catalyzes the hydrolysis
of LPC that either escapes hydrolysis in the erythrocyte or that
diffuses into the parasite through points of contact between host
cell and parasite membranes (41, 42). Clearly, XLH4 can com-
pensate for the absence of extensive LPC hydrolysis in the host
erythrocyte, as indicated by the minimal impact of deleting XL1
and XL2. Fatty acids generated through XILH4 activity can directly
enter the parasite acyl-CoA pool and be used for parasite lipid
synthesis (Fig. 54). While XL.2 and XLLH4 appear to be functionally
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redundant in culture, it is possible that they make distinctive con-
tributions to parasite fitness in the host circulation, which contains
much higher levels of LPC.

A surprising finding was the ~10-fold elevation in OA-labeled
PC observed in OA/LPC competition assays with parasite lines
lacking both X1.2 and XILH4, with more modest elevations in the
AXL2 and AXLH4 lines. The most likely explanation for this
phenomenon is direct acylation of LPC, a ubiquitous reaction in
eukaryotes that has not previously been described in P falciparum.
According to this model (Fig. 5B), intracellular LPC levels are
elevated in the absence of XL2 and XLH4, leading to increased
flux through an existing LPC acylation pathway. At least two
erythrocyte enzymes have LPC acyltransferase (LPCAT) activity:
LPCATT1 (43) and peroxiredoxin 6, a trifunctional human enzyme
possessing LPCAT activity (44). These enzymes do not appear to
be the putative LPCAT activity observed in XL2/XLH4-deficient
parasite lines, however, as the levels of PC production in unin-
fected erythrocytes were insufficient to account for those in
infected erythrocytes. Alternatively, LPCAT activity could be
expressed by the parasite; the P falciparum genome encodes a
homolog of human LPCAT (PF3D7_0914200). Further investi-
gation will be required to identify the relevant acyltransferase(s)
and to evaluate their physiological significance in a wild-type
genetic background.

Parasite LPC metabolism appears to have a dual role: i) acqui-
sition of fatty acids and choline; and ii) protection from LPC
toxicity. All XL/XLH-deficient parasites generated in this study
replicated at comparable rates in medium containing Albumax,
an enriched bovine serum albumin product that is relatively rich
in free fatty acids (FFA) and poor in LPC. Based on literature
values for the FFA and LPC content of Albumax (45), we estimate
that our standard formulation of 0.5% Albumax (w/v) in RPMI
provided ~66 uM FFA and ~11 uM LPC. By contrast, human
serum contains high levels of both free fatty acids and LPC. A
detailed analysis of the human serum metabolome revealed total
FFA and LPC concentrations of 220 and 280 uM, respectively
[Table 11 in Psychogios et al. (7)]. In medium with 10% (v/v)
human serum, the LPC concentration would be ~28 uM. Thus,
we speculate that the elevated LPC concentration in serum com-
pared to Albumax, and possibly also the LPC:FFA ratio, were
responsible for the lack of growth of AXL2/XLH4 and QKO
parasites in serum. The growth-inhibitory properties of serum
could accrue from perturbation to membranes or from dysregu-
lation of PC synthesis in the absence of LPC metabolism.
Consistent with this interpretation, wild-type and AXL2 parasites
were sensitized to AKU-010 in serum-containing medium and
wild-type parasites were hypersensitive to LPC in the presence of
AKU-010. Together, these findings highlight the importance of
XL/XLH-mediated LPC catabolism for parasite proliferation in
high-LPC environments such as that found in the host circulation
and they validate the co-inhibition of XL.2 and XLH4 as a viable
anti-malarial strategy.

Materials and Methods

Materials. BODIPY™ 500/510 C,, C, (C4,C9-FA), and BODIPY-TR-ceramide
(BTC) were obtained from ThermoFisher. LPC 18:1and 16:0, LPE 18:1,LPS 18:1,
Lyso-PAF 18:1, (Z)-octadec-9-en-17-ynoic acid (oleic acid alkyne), TopFluor’
LPC, and TopFluor’ fatty acid were obtained from Avanti Polar Lipids. IDFP and
JW642 were purchased from Cayman Chemical. 3-azido-7-hydroxycoumarin
was acquired from Abcam. Piperazine-based MAGL inhibitors described in
Aaltonen et al. (24) were provided by Dr. T. Nevalainen, University of Eastern
Finland. The following reagent was obtained through BEI Resources, NIAID,
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NIH: DSM1, MRA-1161. WR99210 was a gift from D. Jacobus (Jacobus
Pharmaceuticals).

Parasite Culture and Transfection. P falciparum clone 3D7 was routinely
cultured in human O erythrocytes (Interstate Blood Bank) at 2% hematocrit in
RPMI 1640 medium supplemented with 0.37 mM hypoxanthine, 11 mM glucose,
27 mM sodium bicarbonate, 25 mM HEPES, 10 pg/mL gentamicin, and 5 g/L
Albumax 1 (Gibco). Cultures were incubated at 37 °Cin a 5% CO, incubator under
normoxic conditions and were synchronized by treatment with 5% (w/v) sorbitol.
Detailed methods for the generation of plasmids and for parasite transfection,
selection, and validation are provided in S/ Appendix.

C4,C9-FA Competition Assay for Inhibition of LPC Hydrolysis In Situ.
Assays for inhibition of LPC hydrolysis in intact parasitized erythrocytes were
conducted using a dual-fluorescent labeling strategy as previously described
(21) and modified as follows. Parasites were pre-labeled with 1 uM BODIPY-
TR-ceramide (BTC) in complete RPMI for 1 h. They were then washed into fatty
acid-free (i.e., incomplete) RPMI, aliquoted at 0.5 mL and 8% hematocrit into
a 24-well plate, supplemented with 10 uM inhibitor or equivalent volume of
DMSO, and incubated for 30 min at 37 °Ciin a CO, incubator. An equal volume
of medium containing fatty acid-free BSA, C4,C9-FA, LPC18:1 (or 50% ethanol
for no-LPC controls), and 10 uM inhibitor (or DMSO for no-inhibitor controls) was
added, such that final concentrations were 2 mg/mLBSA, 30 uM C4,C9-FA, 30 uM
LPC18:1and 10 uM inhibitor. After 30 min, cultures were transferred to 9 mL of
cold 0.03% saponin in PBS and parasites were isolated by centrifugation. Lipids
were extracted as previously described (21), dissolved in chloroform, and spotted
ona 10- x 10-cm glass HPTLC Silica Gel 60 plate (Millipore). BTC fluorescence was
imaged on a Typhoon RGB imager (Cytiva) using a 633-nm laser and a 670/30
bandpass filter. Neutral lipids were resolved in heptane/diethyl ether/acetic acid
ataratio of 40:60:1 and C4,C9-FA fluorescence was imaged using the 532 nm
laserand a 570/20 bandpass filter. Fluorescence intensities for DAG, TAG, and BTC
were quantified using ImageQuantTL (Cytiva). BTC fluorescence intensities were
used to normalize DAG and TAG intensities across samples.

XLH4-YFP/HA Localization. Live parasites expressing XLH4-YFP were imaged by
mounting an aliquot of culture under a coverslip. Parasites expressing XLH4-HA
were fixed with 2% paraformaldehyde and 0.0065% glutaraldehyde in PBS, perme-
abilized with 0.1% Triton-X100, and incubated with monoclonal anti-HA antibody
16B12 (Covance, 2 ug/mL)followed by anti-mouse Alexa488-conjugated secondary
antibody (ThermoFisher, 2 ug/mL). Hoechst 33342 was added to 2 uM to visualize
DNA. Images were collected on a Zeiss Axioimager M1 epifluorescence microscope
with a 100x/1.4 NA objective. Contrast was adjusted using Adobe Photoshop.

MACS Purification and TAMRA-FP Analysis. Parasites were enriched from
~100 mLof culture containing synchronized schizonts (~36 to 44 h post-invasion)
at~10% parasitemia using a SuperMACS™ Il Separator and a D Column (Miltenyi
Biotec). Numbers of eluted cells were determined with a hemocytometer and par-
asitemia was calculated from a Giemsa-stained smear. Typical yields were 5 x 10°
parasite-infected erythrocytes at 90 to 95% parasitemia. To generate cell lysates,
pellets were resuspended at 5 x 10° parasites/mL in cold PBS supplemented
with 5 pM pepstatin Aand 10 pM E64.The suspension was sonicated three times
for 8 s using a microtip at 30% maximum power. Hemozoin was removed by
centrifugation at 12,000 g at 4 °C. Lysates were aliquoted, snap frozen in liquid
nitrogen and stored at -80 °C. Lysates of uninfected erythrocytes (uRBC) were
generated in the same manner except that the MACS separation was omitted.

For serine hydrolase inhibitor profiling with the activity-based probe
TAMRA-FP, 19.4 uL of MACS or uRBC lysate was mixed with 0.2 pL of T mM
inhibitor (or DMSO for controls) and 0.2 pL of 100 uM AA74-1 to selectively
inhibithuman APEH (27), and was incubated at 30 °C for 30 min. Probe labeling
was conducted by adding 0.2 pL of 100 uM TAMRA-FP and incubating at 30 °C
for 30 min. The reaction was quenched by adding 20 pL of 2X SDS-PAGE loading
bufferand incubating at 95 °Cfor 5 min. Labeled proteins were resolved on 8.5 or
10% sodium dodecyl sulfate-polyacrylamide gels and imaged on a Typhoon RGB
flatbed scanner using the 532 nm laser and a 570/20 bandpass filter.

Oleate Alkyne Competition Assay for Inhibition of LPC Hydrolysis In Situ.
Synchronized parasite cultures with ~10% trophozoites were labeled with 1 uM
BTC for 1 h at 37 °C in a CO, incubator and then washed three times with
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incomplete RPMI. Cultures were resuspended in pre-warmed incomplete RPMI
containing 3 mg/mL fatty acid-free BSA, 30 uM oleic acid alkyne, and 30 uM LPC
18:1 (or 50% ethanol for no-LPC controls) and incubated for 40 min with gentle
mixing on an orbital rotator at 37 °Ciin a CO, incubator. Labeled cultures were
harvested and lipids were extracted as described above for C4,C9-FA competition
assays. Alkyne-labeled lipids were rendered fluorescent by Cu-catalyzed azide-
alkyne cycloaddition of 3-azido-7-hydroxycoumarin as previously described (31).
Solvent was evaporated in a vacuum centrifuge and lipids were redissolved in
~10 pL chloroform. For TLC separation, 1 pL was spotted on a 10 cm x 10 cm
glass HPTLC Silica Gel 60 plate (Millipore). BODIPY-TR-ceramide fluorescence was
then recorded as described above for C4,C9-FA competition assays. Phospholipids
were developed with 65:25:4:1 chloroform/methanol/water/acetic acid for about
4.5 cm. Plates were air dried and neutral lipids were resolved with 1:1 hexane/
ethyl acetate. Plates were sprayed with 6 mL 4% (v/v) N,N-diisopropylethylamine
in hexane prior to imaging. Fluorescence wasimaged on an Azure C400 CCD cam-
eraimager using blue LED illumination (472 nm) for excitation and a 513/17 nm
bandpass filter for emission. BTC, neutral, and polar lipid fluorescence intensities
were quantified using ImageQuantTL software (Cytiva), and lipid intensities were
normalized across samples using BTC fluorescence. Competition for OAincorpora-
tion was quantified as the ratio of lipid fluorescence in +LPCand —LPC samples.

In Vitro LPC Hydrolysis Assays. Lysates of MACS-purified infected erythrocytes
or of uRBC were serially threefold diluted with cold PBS. TopFluor LPC was added
to 50 uM from a 2.5 mM DMSO stock, and reactions were incubated at 30 °Cfor 15
min. Reaction products were extracted by transferring 3 uLto 150 L chloroform and
vortexing for 20 s.Then, 1 uL of the chloroform layer was spotted ona 10- x 10-cm
aluminum HPTLC Silica Gel 60 plate (Millipore). TopFluor LPC and the hydrolysis
product TopFluor fatty acid were resolved with 65:25:4:1 chloroform/methanol/
water/acetic acid and imaged on a Typhoon RGB scanner using a 488-nm laser
and 525/20 bandpass filter. The relative fluorescence intensities of TopFluor LPC
and TopFluor fatty acid were assessed by resolving equimolar mixtures using the
TLC system described above and quantifying fluorescence intensities. The signal for
TopFluor fatty acid was 1.25-fold higher than that for TopFluor LPC; therefore, a cor-
rection factor was applied. Percent hydrolysis was then calculated for each sample.

Growth in Medium Containing LPC as Sole Source of Fatty Acids. Synchronized
ring-stage parasite cultures (0 to 16 h post-invasion) were washed three times with
incomplete RPMI, resuspended at 3% parasitemia and 1% hematocritin T mLof RMPI
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