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(Bacl(ground: Malaria parasites require heme for growth.
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mosquitoes.

in blood stages.
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Results: Genetic disruption of the P. falciparum heme biosynthesis pathway ablated growth in mosquitoes but had no effect on
Conclusion: The heme biosynthesis pathway is only essential for exoerythrocytic parasite growth and transmission to

Significance: Pathway inhibition is unlikely to be an effective antimalarial drug strategy. Heme salvage mechanisms likely exist
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Heme is an essential cofactor for aerobic organisms. Its redox
chemistry is central to a variety of biological functions mediated
by hemoproteins. In blood stages, malaria parasites consume
most of the hemoglobin inside the infected erythrocytes, form-
ing nontoxic hemozoin crystals from large quantities of heme
released during digestion. At the same time, the parasites pos-
sess a heme de novo biosynthetic pathway. This pathway in the
human malaria parasite Plasmodium falciparum has been con-
sidered essential and is proposed as a potential drug target.
However, we successfully disrupted the first and last genes of the
pathway, individually and in combination. These knock-out
parasite lines, lacking 5-aminolevulinic acid synthase and/or
ferrochelatase (FC), grew normally in blood-stage culture and
exhibited no changes in sensitivity to heme-related antimalarial
drugs. We developed a sensitive LC-MS/MS assay to monitor
stable isotope incorporation into heme from its precursor
5-['3C,]aminolevulinic acid, and this assay confirmed that de
novo heme synthesis was ablated in FC knock-out parasites. Dis-
rupting the FC gene also caused no defects in gametocyte gen-
eration or maturation but resulted in a greater than 70% reduc-
tion in male gamete formation and completely prevented oocyst
formation in female Anopheles stephensi mosquitoes. Our data
demonstrate that the heme biosynthesis pathway is not essential
for asexual blood-stage growth of P. falciparum parasites but is
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required for mosquito transmission. Drug inhibition of pathway
activity is therefore unlikely to provide successful antimalarial
therapy. These data also suggest the existence of a parasite
mechanism for scavenging host heme to meet metabolic needs.

Heme is a prosthetic group consisting of a large heterocyclic
protoporphyrin IX ring with an iron atom coordinated at its
center. Numerous hemoproteins exploit the redox properties
of heme to fulfill a variety of biological functions, such as elec-
tron transport, gas synthesis and transport, drug detoxification,
and defense against reactive oxygen species (1-3). Because of its
ubiquitous presence in living organisms and its pivotal biolog-
ical roles, heme is therefore an essential molecule for almost all
life forms. Conversely, free heme can be toxic to cells, as its
redox-active iron can catalyze the formation of peroxide.
Consequently, acquisition of an adequate, but not excessive,
amount of heme is a challenge for all heme-requiring
organisms.

Malaria remains a huge public health problem in the tropical
and subtropical regions of the world, causing ~300 million clin-
ical cases and about 600,000 deaths each year (4). Plasmodium
falciparum causes the most severe type of malaria in humans.
Although malaria parasites appear to have fewer heme-requir-
ing proteins than other higher eukaryotes (5), heme is a cofactor
for cytochromes in the essential mitochondrial electron trans-
port chain (mtETC)® (6, 7) and it is therefore indispensable for
parasite growth.

While growing within erythrocytes, malaria parasites digest
up to 80% of the host cell hemoglobin (Hb). This massive cata-

® The abbreviations used are: mtETC, mitochondrial electron transport chain;
5-ALA, 5-aminolevulinicacid; ALAS, 5-aminolevulinic acid synthase; FC, fer-
rochelatase; CPP, coproporphyrin Ill; PPIX, protoporphyrin IX; HRG, heme-
responsive gene; SA, succinylacetone.
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FIGURE 1. Hybrid heme biosynthesis pathway in P. falciparum. This pathway is composed of eight enzymes that have been localized to the mitochondrion,
the cytosol, and the apicoplast. The substrates and products of the pathway are in black. The enzymes involved are in red. The fraction of the pathway labeled
by ['*CJALA is in blue, and the compounds detected by LC-MS/MS are boxed. The molecular structures of ALA, CPP Ill, PPIX, and heme are shown. ALAS,
5-aminolevulinic synthase; ALAD, 5-aminolevulinic acid dehydratase; PBGD, porphobilinogen deaminase; UROS, uroporphyrinogen Ill synthase; UROD, uro-
porphyrinogen decarboxylase; CPO, coproporphyrinogen oxidase; PPO, protoporphyrinogen oxidase; FC, ferrochelatase. This figure was adapted from Ref. 44.

bolic process liberates enormous amounts of the chemically
reactive heme cofactor, which parasites must neutralize to
avoid the toxic side effects of its accumulation. It has been esti-
mated that the concentration of free heme inside the parasite
food vacuole would reach about 400 m, if it were allowed to
accumulate (8). To overcome the toxicity of free heme, malaria
parasites crystallize heme by forming iron-carboxylate bonds
between two heme molecules in a repeating arrangement,
yielding inert hemozoin crystals. Hemozoin formation seems to
be the dominant process used by malaria parasites to detoxify
heme, as >95% of the heme released from Hb digestion is esti-
mated to end up in hemozoin (9). Although a heme oxygenase
(HO) homologue was found in P. falciparum, it lacks key cata-
lytic residues and does not degrade heme (10). Interference
with hemozoin formation appears to be the mechanism by
which many antimalarials, such as chloroquine, exert their
antiparasitic activities (11, 12). This mode of action may suggest
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that generation of substantial free heme is detrimental to para-
site survival.

The Plasmodium genome encodes all enzymes to comprise a
complete heme biosynthetic pathway capable of making heme
using glycine and succinyl-CoA as initial substrates (Fig. 1).
This pathway in Apicomplexan parasites appears to be the evo-
lutionary condensation of the two well known heme biosynthe-
sis pathways (5) as follows: the Shemin pathway spanning the
mitochondrion and cytosol (13—-15), and the C5 pathway com-
mon in plastids (16). In Apicomplexans, 5-aminolevulinic acid
(5-ALA) is exclusively synthesized in the mitochondria by the
Shemin pathway and not by the C5 pathway. In P. falciparum, a
total of eight enzymes in this pathway are located in three dif-
ferent compartments as follows: the mitochondrion (three
enzymes) (17-19), the cytoplasm (one enzyme) (20), and the
apicoplast (four enzymes) (21-23). ALAS is the first enzyme of
the pathway, and in many organisms its activity is rate-limiting
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TABLE 1
Primers used in this study
Primer ID Primer sequence” Purpose
PfALAS5fNcol TccatggGTAGACTAATATTTAACAATTTGTATTTAC KO construct for ALAS
PfALAS5fEcoRIR CTgaattcCATAAAATGAAGGTAACATTA
PfALAS3{SpelF GTactagtACTCCAGTTAATATTAATACGTCTG
PfALAS3fSacIIR AccgcggTGAATTTATTAAATCCATCTACCATG
PfALASKO_F GGCATACCAAATTAATCTCCACTTG Diagnostic PCR for ALAS

PfALASKO_R

CAAAGATTATTAAAATTATTTTGTCATCTTGTTC

KO construct for FC

Diagnostic PCR for FC
RT-PCR for ALAS

RT-PCR for FC

5fFFCNcol ATccatggCAATTTGTTTTGCTCCTCTCC
5fRFCEcoRI ATgaattcTATTTGTACCACTCCTGAAAGG
3fFFCSpel CTactagtGGTACAATAACAAAGTTGTC
3fRFCSacll ATccgcggCGAAGGGAATATATAAAACC
5foutFC CGGATATTTGCTCTTCTTGT

3foutFC TTATCATACGATGACATATATGAATG
PfALASRTO1 AAAAACGGTTGTGTGGTGTTC
PfALASRTO02 CGATCATAATTTTTCGGTTTTCA
PfFCRTO1 CAAATTTAGGAAGCCCAGAAAA

PfFCRT02 TGGACCTTTCTCCATATCTCA

“ Restriction endonuclease sites are shown in lowercase letters.

and tightly regulated. FC is the last enzyme and inserts a ferrous
ion into the protoporphyrin ring to form the final heme prod-
uct. Both ALAS and FC have been localized to the parasite
mitochondrion (17, 19). Because hemozoin formation in the
food vacuole appears to be the dominant fate of host heme, it
has been assumed that heme released by Hb digestion is not
available for scavenge and metabolic utilization by parasites
within its own hemoproteins. Rather, blood-stage P. falcipa-
rum parasites have been assumed to synthesize heme de novo to
satisfy critical metabolic needs. This heme biosynthesis path-
way has therefore been considered essential and a potential
drug target (24-27).

A recent study reported successful ablation of the ALAS and
FC genes in the rodent malaria parasite, Plasmodium berghei
(28). Unlike P. falciparum, P. berghei parasites preferentially
invade metabolically active reticulocytes, which also synthesize
heme (29, 30). Therefore, Nagaraj et al. (28), who assessed heme
biosynthesis by monitoring incorporation of ['*C]JALA into
heme by autoradiography, were unable to show that de novo
heme synthesis was disrupted in the knock-out parasites due to
host cell background. This complication prevented a definitive
conclusion regarding the function of these genes and the essen-
tiality of heme biosynthesis for blood-stage parasite growth.

Here, we report the successful knock-out of the ALAS and FC
genes in the human malaria parasite, P. falciparum. Using *C
labeling and tandem mass spectrometry, we confirmed that
heme biosynthesis is ablated in the FC KO parasites. Despite
the absence of de novo heme synthesis, these KO parasites dis-
played no detectable defects in blood-stage growth but failed to
progress through mosquito stages. We conclude that heme bio-
synthesis in P. falciparum is dispensable during blood-stage
infection but plays a critical role within the insect host.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Strategies of gene KO by double
crossover recombination for ALAS (PF3D7_1246100) and FC
(PF3D7_1364900) are illustrated in Fig. 2, A and B. For knock-
out of ALAS, two flanking homologous sequences were cloned
into the pCC1 plasmid, which contains human dihydrofolate
reductase and confers resistance to WR99210 (5 nm) (31). For
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knock-out of FC, the pCC4 plasmid was used, which possesses
blasticidin-S deaminase and confers resistance to blasticidin
(2.5 wg/ml) (31). Both pCC1 and pCC4 share the same negative
selection marker, the yFCU gene (the fusion gene of yeast cyto-
sine deaminase/uracil phosphoribosyltransferase), which con-
fers sensitivity to 5-fluorocytosine (5-FC, 2.0 um). All PCR
products used for making KO constructs were sequenced
(GeneWiz) prior to final cloning steps. Primers for PCR ampli-
fications are shown in Table 1.

Parasite Line, Parasite Culture, and Transfection—P. falcip-
arum strains D10 and NF54 were the parental lines used for
gene KO studies. Parasites were cultured in human O™ eryth-
rocytes (5% hematocrit) in RPMI 1640 medium containing 0.5%
AlbuMAX® (Invitrogen) and incubated at 37 °C in an incubator
filled with a low oxygen gas mixture (89% N,, 5% CO,, 6% O.,).
The human red blood cells used for parasite culture were pur-
chased from Interstate Blood Bank, Inc. (Memphis, TN).
Transfections were carried out using the standard method (32).
Briefly, ring-stage parasites at 5% parasitemia were washed
three times with warm Cytomix, and then the parasitized RBC
pellet was resuspended in an equal volume of ice-cold Cytomix
to 50% hematocrit. Each 250 ul of parasitized RBC suspension
was mixed with 50 ug of plasmid in a 0.2-cm cuvette and elec-
troporated using a Bio-Rad Genepulser set at 0.31 kV, 960
microfarads. Cultures were exposed to appropriate drugs 48 h
post-transfection.

Gene Knock-out—We transfected D10 and NF54 parasites
with each KO construct and performed positive and negative
selections to generate resistant parasites. Following trans-
fection and positive drug selection, a portion of the trans-
genic culture was treated with 5-FC (2.0 um) to isolate
potential KO parasites. If initial treatment with 5-FC was
unsuccessful, multiple drug off-and-on cycles followed by
5-FC selection were undertaken until double crossover
recombination was observed.

DNA and RNA Isolation—DNA was isolated from mixed-
stage parasites using the QIAamp DNA blood mini kit (Qia-
gen). RNA was isolated from mixed-stage parasites using the
RNAgents RNA isolation kit (Promega). Purified RNA was
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treated with RNase-free DNase I (New England Biolabs) in the
presence of RNase inhibitor (Promega) for 30 min at 37 °C to
eliminate any contaminating DNA. The treated RNA was then
recovered using an RNeasy mini kit (Qiagen). cDNA was syn-
thesized from 2 pg of RNA using avian myeloblastosis virus
reverse transcriptase (Promega) using oligo(dT),5 as primers.
Two ul of cDNA were used as template for one PCR. Primers
for PCR and RT-PCR are shown in Table 1.

Southern Blot Analysis—DNA was isolated as described
above. For each parasite line, 3 ug of genomic DNA was
digested overnight using the specific restriction endonucleases
(New England Biolabs). The DNAs were separated on a 0.8%
agarose gel and transferred to Gene Screen Plus membrane
(PerkinElmer Life Sciences) using the high salt capillary trans-
fer method. Probes were PCR-amplified, cleaned, and labeled
with [@-3*P]dATP (PerkinElmer Life Sciences) using a Prime-It
II random primer labeling kit (Stratagene). The blots were
hybridized with the labeled probes, washed, and exposed to film
at —80 °C in a cassette overnight.

Growth Curves—W'T and KO parasites were synchronized
with 0.5 M alanine, 10 mm HEPES (pH 7.5) once. On day 0, the
parasitemias of WT and KO cultures (mostly at ring stages)
were adjusted to 1% by diluting with uninfected RBCs. Para-
sitemias were monitored daily from at least 1000 RBCs on thin
blood smears over 8 days (four intraerythrocytic development
cycles). On days 2, 4, and 6, cultures were split 1:5.

Growth Inhibition Assays—All growth inhibition assays were
performed using the conventional [*H]hypoxanthine incorpo-
ration method in 96-well plates (33). Briefly, parasites at 1%
parasitemia and 2% hematocrit were exposed to inhibitors at
various concentrations for 24 h. After 24 h, each well was pulsed
with 0.5 uCi of [PH]hypoxanthine and incubated for another
24 h. Parasites were lysed by freeze/thaw. Nucleic acids were
collected on filters using a cell harvester (PerkinElmer Life Sci-
ences). After addition of MicroScint O (PerkinElmer Life Sci-
ences), incorporation of [*H]hypoxanthine was quantified
using a TopCount scintillation counter (PerkinElmer Life
Sciences).

Stable Isotope Labeling and LC-MS/MS Detection of Heme
and Porphyrin Intermediates—5-[**C,]ALA (only position 4 is
labeled) (Cambridge Isotope Laboratories, Inc.) was added at a
final concentration of 200 um to cultures of WT and KO para-
sites (24 ml of culture volume, 3% hematocrit, 10% asynchro-
nous parasitemia). Cultures were harvested 24 h later by cen-
trifugation, and pellets were resuspended in 0.05% saponin and
agitated on ice for 5 min to lyse RBC membranes. The saponin-
released parasites were harvested by centrifugation, washed in
PBS, and stored at —20 °C. For studies involving succinylac-
etone (Sigma), WT cultures were incubated 12 h in 50 uM (final
concentration) succinylacetone prior to addition of 5-[**C,]-
aminolevulinic acid and maintained in succinylacetone until
cultures were harvested as above. Each harvested parasite pellet
was resuspended in 900 ul of DMSO, and 1 nmol of deutero-
porphyrin (Frontier Scientific) was added as an internal stan-
dard. Samples were sonicated three times for 10 s (50% duty
cycle, 40% power) on a Brandon Ultrasonic micro-tip sonicator,
vortexed three times for 1 min, and centrifuged 10 min at
16,000 relative centrifugal force, and the clarified supernatant
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was transferred to a clean tube. Three or more biological repli-
cates were prepared for each sample.

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analyses were carried out using an AB Sciex API-4000
QTRAP tandem mass spectrometer running Analyst version
1.5.1 coupled to a Shimadzu UFLC and operated in the positive
ion mode using the Turbo V ESIion source. 2 ul of each sample
was injected onto an Ascentis Express phenyl-hexyl column
(10 X 2.1 mm X 2.7 um) and eluted via a linear gradient of
5-90% acetonitrile (including 0.1% formic acid). Blank runs
were included between each sample to rule out carry-over
between injections. The ion spray voltage was set to 4500 V.
The heater temperature was 400 °C. The declustering potential,
nebulizer gas (G1), and auxiliary gas (G2) were set at 110, 40,
and 35V, respectively. Fragmentation profiling of analytes was
carried out using multiple reaction monitoring in the positive
ion mode with precursor and product ions at their experimen-
tally determined optimal values of m/z 511.2 and 452.0 for deu-
teroporphyrin, 616.4 and 557.6 for heme, 624.4 and 565.4 for
[**C]heme, 563.3 and 503.8 for protoporphyrin IX, 571.4 and
511.8 for [**C]protoporphyrin IX, 655.2 and 597.0 for copro-
porphyrin I11, and 663.8 and 605.0 for [**C]coproporphyrin III.
Isolation widths for precursor and product ions were 0.7 and
1.1 atomic mass units, respectively. Collision energies were set
at 55, 55, 65, and 70 for the deuteroporphyrins, hemes, proto-
porphyrins, and coproporphyrins, respectively. Analyte ion
intensities were quantified by peak integration using the Ana-
lyst software and normalized to the peak area for the deutero-
porphyrin internal standard in each sample.

Gametocyte Culture and Exflagellation—On day 0, NF54
lines (WT and AFC, asynchronous) were established at 0.5%
parasitemia with 2.5% hematocrit in a 50-ml volume. The
standard RPMI 1640 medium was supplemented with 10%
human serum (type O, from Key Biologics, LLC (Memphis,
TN)) and 0.25% AlbuMAX. The cultures were fed daily without
adding new blood. On days 1420, for each line, the total num-
ber of erythrocytes was determined by a hemocytometer. The
total number of gametocytes in each culture was then calcu-
lated by multiplying gametocytemia by the total number of
erythrocytes. On each of these days, 1 ml of the entire bulk
culture was removed, centrifuged quickly, and resuspended in
200 wl of exflagellation medium containing 25% human serum
(type O) and 50 um xanthurenic acid (34) at pH 8.4 at room
temperature. After 10 min of incubation at room temperature,
a 10-ul cell suspension was pipetted onto a hemocytometer,
and the number of exflagellating centers was counted using a
standard optical microscope (X20 objective) over the next 20
min. The total number of exflagellating centers in each culture
was then calculated, and the percentage of exflagellation was
determined by dividing the total number of exflagellating cen-
ters by the total number of gametocytes in each culture.

Standard Membrane Feeding Assay—DP. falciparum sexual
stage cultures were generated, and the membrane feeding
assays were performed as described previously (35). In brief, P.
falciparum parasites were cultured for 16—18 days to induce
mature gametocytes in vitro. The culture of 50% hematocrit in
human serum was fed to ~50 female Anopheles stephensi (3—6
days old) through a membrane-feeding apparatus. Mosquitoes
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FIGURE 2. Disruption of ALAS and FCin P. falciparum. A, genotypes of D10 WT and AALAS parasites. The 5'-homologous sequence is 851 bp long (—243 to
+607) and the 3’-homologous sequence is 750 bp long (+ 1489 to +2238). B, genotypes of D10 WT and FC KO parasites. The 5'-homologous sequence has 553
nucleotides (—162 to +390) and the 3’-homologous sequence has 805 nucleotides (+944 to +1748). In both A and B, arrows indicate primers used for
diagnostic PCRs in C. E, EcoRI; N, Ndel. C, diagnostic PCRs assessing the genotypes of AALAS, AFC, and AALAS/FC KO parasites. Results of PCRs using ALAS
primers in A are shown in lanes 1-4, and FC primers in B are shown in lanes 5-8. Lanes 1 and 5, AALAS/FC; lanes 2 and 6, AALAS; lanes 3 and 7, AFC; lanes 4 and
8, D10 WT control. D-G, Southern blot analyses confirm the genotypes for AALAS (D), AFC (E), and AALAS/FC (F and G) parasites. DNA digestion pattern are
illustrated in A and B. The full-length genes of ALAS or FC were used for synthesizing *P probes. H, RT-PCR analyses reveal that ALAS or FC transcripts are absent

in the corresponding KO parasites. Primers are shown in Table 1.

were kept for 8 days and dissected (n = 20 per sample) to enu-
merate oocysts in their midguts. Only midguts from mosqui-
toes with any eggs at the time of dissection were analyzed.

RESULTS

The Heme Biosynthesis Pathway Is Dispensable in the Asexual
Blood Stage—T o study the heme synthesis pathway in P. falcip-
arum, we carried out genetic disruptions of ALAS and FC via
double crossover recombination and successfully obtained KO
lines in the D10 WT strain (Fig. 2). To achieve a double KO line,
the FC KO construct in pCC4 (containing blasticidin-S deami-
nase as the selectable marker) was transfected into the AALAS
KO line, which retains the human dihydrofolate reductase
marker from pCC1 (see “Experimental Procedures”). Diagnos-
tic PCRs revealed that the three KO lines have the expected
genotypes (Fig. 2C). The results from Southern blot analyses
further confirmed the correct gene deletions in each individual
KO line (Fig. 2, D-G). RT-PCR analyses using specific primers
did not detect corresponding mRNA transcripts in the three
KO lines (Fig. 2H). To examine the growth rate of these KO
lines, we synchronized the cultures and monitored growth for
four intraerythrocytic development cycles (see “Experimental
Procedures”). The observed growth rates of the KO and WT
parasite line were indistinguishable (Fig. 3), indicating that
these enzymes are not essential in asexual blood stages of P.
falciparum.
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FIGURE 3. The Heme biosynthesis pathway in P. falciparum is not essen-
tial in asexual blood stages. The WT and KO cultures were synchronized
once and monitored for four intraerythrocytic development cycles. On days 2,
4,and 6, all cultures were split 1:5. Parasitemias of various parasite lines were
determined by counting 1000 RBCs on thin blood smears independently
three times at each time point. Data of parasitemias every 48 h are shown.

Direct Detection of Heme Biosynthesis in W1 and KO Para-
sites Using Stable Isotope Labeling and LC-MS/MS—To probe
heme biosynthesis activity in WT and KO parasites, we devel-
oped a sensitive liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) assay to selectively monitor stable iso-
tope labeling of heme and the upstream porphyrins, PPIX and
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CPP (see “Experimental Procedures”). Isotopic labeling was
achieved by culturing parasites in 200 um 5-['*C,]JALA. ALA is
the first committed precursor in heme biosynthesis (Fig. 1). The
metabolic condensation of eight 5-['*C,]JALA molecules to
form the porphyrin macrocycle results in a stable 8-Da increase
in the molecular mass of heme, PPIX, and CPP relative to unla-
beled masses for these analytes, because no carbon atoms
derived from the C, carbon of ALA are lost from decarboxyla-
tions en route to heme (36). This mass increase can be used to
specifically detect and distinguish newly synthesized heme
from the huge background of host-derived unlabeled heme.
CPP, although not a direct pathway intermediate of heme bio-
synthesis (Fig. 1), is produced from oxidation of the copropor-
phyrinogen III intermediate during sample extraction (37).
CPP detection therefore serves as a biomarker for the labile
coproporphyrinogen III intermediate.

The levels of heme, PPIX, and CPP in various samples were
quantified based upon their collisionally induced dissociation
ion fragmentation pathways (see “Experimental Procedures”).
Each compound’s product ion spectrum was determined using
commercially available standards, and the dominant peaks cor-
responded to previously published values (data not shown) (37,
38). The [**C]porphyrins displayed LC retention times identi-
cal to the unlabeled commercial standards, with precursor and
product ions shifted by the expected m/z values due to >C
labeling (data not shown). The dominant product ion for all
three porphyrins, resulting from dissociation of an ethylcar-
boxyl side chain, was used to construct a targeted LC-multiple
reaction monitoring analysis. Each porphyrin was then quanti-
fied by determining the ratio of its LC-multiple reaction mon-
itoring peak area to that of the deuteroporphyrin internal
standard.

As shown in Fig. 44, growth of WT parasites in 200 um
5-['*C,]ALA resulted in robust ['*>C]PPIX and -CPP signals and
comparatively smaller levels of ['*C]heme. Accumulation of
PPIX and CPP relative to heme is consistent with prior reports
that FC activity becomes rate-limiting with exogenously added
ALA (39, 40), because this precursor is downstream of the nor-
mally rate-limiting initial reaction catalyzed by ALAS. No
[**C]porphyrins were detected in the absence of 5-[**C,]ALA
(data not shown).

We next tested the previously reported ability of 50 um suc-
cinylacetone (SA) to inhibit heme biosynthesis in WT P. falcip-
arum parasites (28). SA is a specific inhibitor of aminolevulinic
acid dehydratase, the second enzyme in the heme biosynthesis
pathway. WT parasites were incubated in 50 um SA for 12 h
prior to addition of 5-[**C,]ALA and maintained in SA until
harvest. Although 50 um SA treatment resulted in a substantial
(>15-fold) reduction in labeled PPIX levels and no detectable
CPP labeling, we observed residual labeling of heme (Fig. 44),
indicating that this inhibitor concentration substantially
reduces but does not completely eliminate heme biosynthesis
in parasites.

Finally, we probed the heme biosynthesis activity of the
AALAS, AFC,and AALAS/FC parasites. Levels of labeled heme,
PPIX, and CPP in the AALAS parasites were indistinguishable
from WT parasites (Fig. 44), as expected because 5-['*C,]ALA
incorporation is downstream of ALAS (Fig. 1). In the case of

34832 JOURNAL OF BIOLOGICAL CHEMISTRY

A 150
212
3 100
g 75
2 50
FRES
3
£
S 1
P4

0

% WT AEC
E 1.0 heme 1.0
£ 05 l 0.
E;o.c iy + L. pcm. (), 0-=r ol et
6 8 10 12 14 6 8 10 12 14
time time

FIGURE 4. LC-MS/MS detection of ['*Clheme, -PPIX, and -CPP in WT and
KO P. falciparum parasites. Parasites were cultured in 200 um 5-[4->CJALA
in the absence or presence of 50 um SA. Parasite samples were extracted in
DMSO, supplemented with deuteroporphyrin as an internal standard, and
analyzed by LC-MS/MS. Integrated analyte peak areas were normalized to the
peak area measured for the internal standard in each sample. The average
normalized peak area and the standard error from three or more independent
replicates are shown in A. As explained in the text, CPP serves as a biomarker
for detecting the labile coproporphyrinogen Ill, which rapidly oxidizes to CPP
upon cell lysis and extraction. Based on unpaired t test, the detected levels of
['*CIPPIX (p = 0.0016) and -CPP (p < 0.0001) in WT + SA parasites and
[*Clheme (p < 0.01) in AFC and AALAS/FC parasites were significantly differ-
ent from WT. B, representative mass spectra for detection of ['*Clheme in WT
and AFC samples. Spectra are normalized to the intensity of the heme peakin
the WT spectrum.

the AFC and AALAS/FC parasites, however, we detected
[*3C]PPIX and -CPP but were unable to detect [**C]heme in
three biological replicates of each sample (Fig. 44), as expected
if FC activity is absent. Fig. 4B shows representative mass spec-
tra of [**Clheme in WT and AFC samples. We conclude that de
novo heme synthesis is completely ablated in the AFC and
AALAS/EC parasites.

WT and KO Parasites Are Equally Susceptible to Antimalar-
ial Drugs That Potentially Alter Heme Metabolism—Several
major classes of antimalarial drugs may affect heme metabo-
lism, including chloroquine and artemisinin. Chloroquine is
proposed to inhibit ferriprotoporphyrin IX crystallization by
binding to heme directly (41) or to the growing hemozoin
chains (42). Although the mode of action of artemisinin is still
debated (43), one proposed mechanism involves the formation
of toxic heme-artemisinin adducts by alkylation (44, 45). In
addition to inhibiting heme crystallization, these drug-heme
complexes might also limit the amount of free heme available
for potential salvage mechanisms. We therefore investigated
the possibility that heme biosynthesis of KO parasites, which
presumably depend on the salvage pathway(s) to supply heme,
might be hypersensitive to chloroquine and/or artemisinin.
The results of standard 48-h growth inhibition assays are
shown in Table 2. All three KO lines and D10 WT parasites
were equally susceptible to chloroquine and artemisinin. These
results suggest that chloroquine and artemisinin have no
impact on the heme salvage capacity of P. falciparum.
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TABLE 2

The EC,, values of antimalarial drugs in the heme biosynthesis KO
lines of P. falciparum

Data are the average of three independent [*H]hypoxanthine incorporation assays
carried out according to the standard methods. For each compound, values of aver-
age = S.D. are shown. EC,, indicates half-maximal effective concentration.

Parasite line, EC, (nm)

Compound D10 AALAS AFC AALAS/FC
Artemisinin 89*+0.3 74 *0.3 8.6 0.7 9.3 £0.9
Chloroquine 37.0 £ 4.0 333 %33 39.7 £ 15 299 = 0.6
Atovaquone 0.8 0.2 0.7 =0.2 0.9 *0.3 0.8 = 0.4

In malaria parasites, heme is thought to be primarily required
to serve as the prosthetic group of the cytochromes in the
mtETC (5). To assess whether the ALAS and FC KO lines were
deficient in their ability to incorporate heme into mitochon-
drial cytochromes, we tested whether these parasites had an
increased sensitivity to atovaquone, a specific inhibitor of the
mtETC cytochrome bc, complex (6). As shown in Table 2, all
three KO lines as well as WT parasites were equally sensitive to
atovaquone (within experimental error), suggesting that the
cytochrome bc, complex remains functionally intact despite
ablation of the parasite heme biosynthesis pathway. These data
further support the argument that malaria parasites are able to
salvage heme from the host.

Heme Biosynthesis Pathway Is Critical for Mosquito Trans-
mission of Malaria Parasites—Transmission of malaria para-
sites from the asexual blood stage in humans to the mosquito
vector requires parasite differentiation into male and female
gametocytes, which get taken up by mosquitoes during a blood
meal, differentiate into gametes, mate to form a zygote, develop
into oocysts, and finally form sporozoites within the mosquito.

To test whether a functional heme biosynthesis pathway is
required to form gametocytes, the FC gene was knocked out in
the NF54 line of P. falciparum. Unlike the D10 line, the NF54
line is fully capable of forming gametocytes in vitro. NF54-AFC
formed healthy gametocytes at all stages, with morphologies
indistinguishable from their WT counterparts under light
microscopy (Fig. 54). As shown in Fig. 5B, the gametocytemia
in the NF54-AFC line was quantitatively indistinguishable from
that of the NF54 WT line, suggesting that the gametocytes in
the knock-out line progressed normally over time. Importantly,
the NF54-AFC line also produced the same number of mature
stage V gametocytes as the WT parasites (Fig. 5C). These stage
V gametocytes in NF54-AFC line appeared to be healthy in
their morphologies. The male-to-female sex ratio of mature
stage V gametocytes in NF54-AFC line was similar to that of its
WT counterpart (data not shown). Although detailed biochem-
ical characterizations of these stage V gametocytes (male and
female) in the AFC line were not conducted in this study, they
appeared to be mature based on their morphology and looked
normal compared with the equivalent stage in the WT line. We
then assessed male gamete formation in vitro by examining
exflagellation centers following xanthurenic acid induction
(34). Interestingly, we found that there was >70% reduction in
exflagellation centers in NF54-AFC relative to NF54 WT para-
sites (Fig. 5D). The biochemical basis for this reduced exflagel-
lation ability in the AFC line remains unknown at this point.
Nevertheless, these data strongly suggest that the heme biosyn-
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thesis pathway is not required for gametocyte development and
maturation, but it appears to be critical for male gamete forma-
tion. This conclusion will be tested in future studies that
explore the mechanistic basis for the observed defect in male
gamete formation and the steps in which that occurs.

Although asexual parasites develop within the heme-rich
environment of human erythrocytes, heme may be less acces-
sible during development within mosquitoes. To assess the
requirement for a heme biosynthesis pathway in mosquito
stage parasites, mature gametocytes from NF54-AFC and WT
parasites were fed to female A. stephensi mosquitoes. Oocyst
numbers per mosquito midgut were determined 1 week after
feeding. As shown in Fig. 64, WT parasites produced 16 = 11.7
oocysts per mosquito, but parasites of the NF54-AFC line failed
to generate any oocysts. Representative images of mosquito
midguts infected with WT or AFC parasites are shown in Fig.
6B. These data strongly suggest that a functional heme biosyn-
thesis pathway is required for full parasite development within
the insect vector.

DISCUSSION

The de novo heme synthesis pathway in P. falciparum has
been considered essential and a prospective antimalarial drug
target for more than 20 years (24 —27). This view has been based
predominantly on prior reports that 1-2 mm succinylacetone,
an inhibitor of aminolevulinic acid dehydratase (the second
enzyme in the pathway), was lethal to the parasites (27, 46). The
most direct test of the essentiality of a metabolic pathway, how-
ever, is to genetically knock out key enzymes in that pathway,
confirm that metabolic flux through that pathway has been
ablated by deletion of the targeted genes, and then assess the
effect of these disruptions on cellular growth and viability. No
prior knockouts of heme biosynthesis genes in P. falciparum
have been reported. Our study is thus the first direct, compre-
hensive test of the heme biosynthesis pathway in human
malaria parasites.

A recent study reported successful KO of the ALAS and FC
genes in the related rodent malaria parasite, P. berghei, but the
authors were unable to show that these mutations ablated de
novo heme synthesis (28), most likely due to background heme
biosynthetic activity from the metabolically active host reticu-
locytes (29, 30). This same study also revisited the effects of
succinylacetone on the growth and heme biosynthesis activity
of blood-stage P. falciparum. Whereas treatment of parasites
with 1-2 mm drug was lethal, at just 50 um parasites grew nor-
mally despite the apparent loss of heme biosynthesis, as
assessed using autoradiography to monitor [**C]ALA incor-
poration into heme (28). In contrast, using the sensitive LC-
MS/MS assay reported herein, we observed that residual
[**C]ALA incorporation into heme and upstream porphyrin
intermediates persisted at 50 uM succinylacetone despite sub-
stantial overall reduction in pathway flux (Fig. 4). Because avail-
able evidence suggests that parasites may only require trace
amounts of heme to satisfy metabolic needs (5), it remained
possible that the residual heme biosynthesis observed at 50 um
inhibitor might be sufficient to sustain parasite growth if path-
way activities were essential. Because of these complexities, the
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FIGURE 5. Effect of heme biosynthesis knock-out on gametocyte development in P. falciparum. A, representative Giemsa-stained images of NF54 WT (top
row) and NF54-AFC (bottom row) gametocytes at various developmental stages are shown. EX, exflagellation. B, NF54-AFC parasites show a normal develop-
ment of gametocytes in comparison with NF54 WT control. Gametocyte percentage is the fraction of gametocytes of all stages determined by counting 1000
RBCs. G, NF54-AFC line generates mature stage V gametocytes. Stage V percentage is the fraction of stage V gametocytes determined by counting 1000 RBCs.
D, NF54-AFC line has a defect in male gamete formation. Exflagellation percentage is the fraction of exflagellating gametocytes determined from 1000
gametocytes of all stages. Blue bars, NF54 WT. Orange bars, NF54-AFC. B-D, results averaged from three independent experiments are shown (error bars =
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FIGURE 6. Heme de novo synthesis pathway is essential for P. falciparum
transmission. A, number of oocysts per mosquito infected with NF54-WT or
NF54-AFC. Data are derived from two independent feeding experiments. B,
representative images of the midgut of a mosquito infected with NF54-WT
(left) or NF54-AFC (right) parasites, respectively. Oocysts were stained using
0.05% mercurochrome and appear as red dots.

requirement of parasite heme biosynthesis for P. falciparum
blood-stage growth has remained unresolved.

As reported herein, we generated three heme biosynthesis
KO lines in P. falciparum, disrupting ALAS and FC genes indi-
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vidually and in combination (Fig. 2). In asexual blood stages, the
growth of these KO lines was indistinguishable from that of WT
parasites (Fig. 3). Tandem mass spectrometry confirmed the
absence of heme biosynthesis in the AFC and AALAS/FC par-
asites (Fig. 4). Thus, our results provide unequivocal evidence
that the heme biosynthesis pathway is not essential for P. fal-
ciparum parasites in the asexual blood stage.

Our results further suggest that the previous parasite growth
inhibition observed at 1-2 mM succinylacetone (27, 46) was due
to off-target activity, rather than inhibition of heme biosynthe-
sis. Loss of de novo heme synthesis in the AFC parasites also
establishes the parasite-encoded FC enzyme as the sole source
of FC activity in parasites, contradicting prior proposals that
parasites might maintain a complete and parallel heme biosyn-
thesis pathway composed of imported host enzymes (26, 47,
48). Indeed, mature erythrocytes lack mitochondria and thus
are missing the host ferrochelatase (29).

Our results and those from prior studies using exogenous
ALA provide strong evidence that the parasite heme biosynthe-
sis pathway has the capacity to be active. However, addition of
exogenous ALA bypasses the rate-limiting ALAS and artifi-
cially stimulates pathway activity. Under normal flux condi-
tions, ALA is produced in the mitochondrion by ALAS-cata-
lyzed condensation of glycine and succinyl-CoA (Fig. 1). Prior
metabolic studies indicate a low level of tricarboxylic acid
(TCA) cycle activity and thus limited production of succinyl
CoA in blood-stage parasites (49),° which may substantially

®H.Ke, I.A. Lewis, J. M. Morrisey, K.J. McLean, S. M. Ganesan, H. J. Painter, M. W.
Mather, M. Jacobs-Lorena, M. Llinas, and A. B. Vaidya, submitted for
publication.
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restrict pathway activity during this stage. Also, the amount of
cytochromes in mitochondria of asexual stages appears to be
rather low (50, 51). Thus, the basal level of pathway flux under
normal growth conditions in vitro and in vivo remains unclear.

Whereas heme biosynthesis in the asexual blood stage
appears to be nonessential, heme molecules themselves are
clearly essential, because they are critical components of the
mtETC. The ability to ablate heme biosynthesis strongly sug-
gests that P. falciparum parasites have mechanisms to scavenge
host-derived heme. We propose two possible sources for host
heme salvage. First, a small amount of heme released from Hb
digestion in the food vacuole may be sequestered by heme-
binding proteins and subsequently transported to the mito-
chondrion or other cellular locations where heme is required.
Second, a low (submicromolar) concentration of free heme has
been identified in the cytosol of erythrocytes (52, 53). This free
heme might be taken up by parasites and be incorporated into
heme-requiring proteins via unknown mechanisms. It is inter-
esting to note that some Apicomplexan parasites, such as Thei-
leria and Babesia species, have lost the heme biosynthesis genes
and must rely entirely on scavenging mechanisms to acquire
heme molecules (5, 54).

The heme biosynthesis pathway was also lost among nema-
tode worms, such as Caenorhabditis elegans, and parasitic hel-
minthes (55). Moreover, Trypanosoma spp., have lost all of the
enzymes involved in heme biosynthesis (56), whereas Leishma-
nia spp. retain only three enzymes for the last steps of heme
biosynthesis (56). These organisms are either heme auxotrophs
or require heme intermediates for growth. Through a genetic
screen, Hamza and co-workers (57) discovered that C. elegans
utilized heme-responsive genes (HRG) to uptake heme and reg-
ulate heme homeostasis; /rg-1 orthologues were also present in
vertebrates with a relatively high sequence identity. A Leishma-
nia heme response-1 (lhr-1) gene was later identified in Leish-
mania parasites, which shared homology to C. elegans hrg-4
(58). These HRG-related proteins are membrane-bound trans-
porters with four transmembrane domains with their topolog-
ically conserved amino acid residues being critical for heme-
transport functions (59). Bioinformatic searches for HRG-like
proteins in Plasmodium spp. using sequences of C. elegans
hrg-1, hrg-4, or Leishmania lhr-1 failed to find any homologues.
Thus, malaria parasites may utilize heme transporters with low
sequence homology to the known HRGs or rely on novel heme
transport proteins.

In the gametocyte stages of P. falciparum, the de novo heme
synthesis pathway appears to be nonessential and thus dispen-
sable until gamete formation (male) (Fig. 5). Because gameto-
cytes develop inside erythrocytes, they might also be able to
scavenge sufficient heme from the host. For reasons that
remain unknown, male gamete formation was significantly
reduced in the AFC gametocytes (Fig. 5), although the AFCline
did form an equal number of mature stage V gametocytes with
a similar male-to-female ratio, compared with the WT line (Fig.
5). Detailed biochemical and phenotypic analyses to explore the
biochemical basis for this defect will be the subject of future
investigations. Defective male gamete formation in AFC para-
sites is not likely to be due to malfunction of the mtETC, how-
ever, because the mtETC can be inhibited by atovaquone in
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mature gametocytes with no effect on mature gametocyte
exflagellation.®

Although the heme biosynthesis pathway is not essential in
blood stages, it is absolutely required for parasite transmission
to mosquitoes. AFC parasites failed to develop into oocysts in
the mosquitoes (Fig. 6). Our observation in P. falciparum is
consistent with the prior study of P. berghei (28), which also
reported a defect in oocyst formation in AFC parasites. The
failure of oocyst formation could be attributed to failure of mos-
quito-stage progression at any of the following three steps: fer-
tilization in the mosquito midgut; ookinete development; or
oocyst development. Although it remains unclear at which step
the parasite fails to develop, this developmental defect reveals
that malaria parasites are more reliant on heme biosynthesis in
mosquitoes than they are in the human host. Once they leave
the heme-rich erythrocytes, malaria parasites are confronted
with a comparatively heme-poor environment within mosqui-
toes. We propose that the heme salvage pathway is either not
sufficient or absent in the insect stages, which forces parasites
to rely on heme biosynthesis. The inability of the AFC parasites
to produce heme within mosquitoes would then severely affect
the mtETC and subsequent ATP generation through oxidative
phosphorylation. Although blood-stage malaria parasites ob-
tain energy mainly from glycolysis, they appear to have an
enhanced reliance on the TCA cycle,® mtETC (60, 61), and oxi-
dative phosphorylation for ATP generation during growth
within mosquitoes. This up-regulation of oxidative energy
metabolism may result in a greater demand for heme in mos-
quito stages compared with human blood stages that cannot be
adequately met by heme salvage alone.

In conclusion, our study demonstrates that the heme biosyn-
thesis pathway is not essential in the asexual form of P. falcip-
arum, but it is essential in mosquito stages. Inhibitors targeting
this pathway are unlikely to be effective against the asexual
stages of the parasite but might interfere with parasite trans-
mission to the mosquito vector.
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