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Summary

Lipoate is an essential cofactor for key enzymes of oxidative metabolism. Plasmodium falciparum
possesses genes for lipoate biosynthesis and scavenging, but it is not known if these pathways are
functional, nor what their relative contribution to the survival of intraerythrocytic parasites might be.
We detected in parasite extracts four lipoylated proteins, one of which cross-reacted with antibodies
against the E2 subunit of apicoplast-localized pyruvate dehydrogenase (PDH). Two highly divergent
parasite lipoate ligase A homologues (LplA), LipL1 (previously identified as LplA) and LipL2,
restored lipoate scavenging in lipoylation-deficient bacteria, indicating that Plasmodium has
functional lipoate-scavenging enzymes. Accordingly, intraerythrocytic parasites scavenged
radiolabelled lipoate and incorporated it into three proteins likely to be mitochondrial. Scavenged
lipoate was not attached to the PDH E2 subunit, implying that lipoate scavenging drives
mitochondrial lipoylation, while apicoplast lipoylation relies on biosynthesis. The lipoate analogue
8-bromo-octanoate inhibited LipL1 activity and arrested P. falciparum in vitro growth, decreasing
the incorporation of radiolabelled lipoate into parasite proteins. Furthermore, growth inhibition was
prevented by lipoate addition in the medium. These results are consistent with 8-bromo-octanoate
specifically interfering with lipoate scavenging. Our study suggests that lipoate metabolic pathways
are not redundant, and that lipoate scavenging is critical for Plasmodium intraerythrocytic survival.

Introduction

Lipoate (6,8-thiooctanoic acid, Fig. 1) is a cofactor required for the function of key enzyme
complexes involved in oxidative metabolism: pyruvate dehydrogenase (PDH), a-ketoglutarate
dehydrogenase (KGDH), branched-chain a-ketoacid dehydrogenase (BCDH), and the glycine
cleavage system (Fujiwara et al., 1986;Reed and Hackert, 1990;Perham, 2000;Douce et al.,
2001). Recent studies have highlighted the importance of lipoate for the intracellular growth

and virulence of bacterial pathogens (O’Riordan et al., 2003;Pilatz et al., 2006). Moreover,

lipoate is involved in the defence against immune response-induced oxidative and nitrosative

stress in mycobacteria (Bryk et al., 2002), consistent with a growing body of evidence that

lipoylated proteins have an important antioxidant role in addition to their enzymatic activities

(reviewed in Bunik, 2003).
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Lipoate-requiring complexes typically contain three protein subunits, E1, E2 and E3. Lipoate
is linked through an amide bond to lysine residues in the E2 subunits (Nawa et al., 1960; Reche
and Perham, 1999) and acts as a swinging arm transferring covalently attached reaction
intermediates among the active sites of the enzyme complex (Reed, 1966; Perham, 2000). Two
lipoate metabolic pathways have been characterized in E. coli — a synthesis pathway and a
scavenging pathway (Morris et al., 1995). Lipoate scavenging relies on the ATP-dependent
lipoate ligase LplA, which catalyses the covalent attachment of free lipoate to non-lipoylated
E2 subunits (apo-E2) (Morris et al., 1994; Jordan and Cronan, 2003; Fujiwara et al., 2005). In
the absence of exogenous lipoate, two enzymes synthesize lipoate from octanoyl-acyl carrier
protein (ACP), an intermediate of fatty acid biosynthesis (Vanden Boom et al., 1991; Morris
etal., 1995; Miller et al., 2000). LipB (octanoyl-ACP:protein N-octanoyltransferase) transfers
the octanoyl group from octanoyl-ACP to apo-E2. LipA (lipoate synthase) catalyses the
insertion of two sulphur atoms into octanoyl-E2 to form lipoyl-E2 (Jordan and Cronan, 2003;
Zhao et al., 2003; Booker, 2004).

The P. falciparum genome, available through the PlasmoDB genomic resource (Bahl et al.,
2003), encodes the proteins constituting the four known lipoate-requiring complexes, as well
as enzymes of the lipoate biosynthetic and scavenging pathways. Several observations suggest
that lipoylation may occur in the apicoplast and in the mitochondrion. On one hand, the Ela
and E2 subunits of the parasite PDH are situated in the apicoplast, a relic plastid organelle
(Foth et al., 2005). Functional P. falciparum homologues for LipB (MAL8P1.37) and LipA
(MAL13P1.220) with apicoplast-targeting peptides have been described, and the N-terminal
end of the malaria LipA homologue targets the green fluorescent protein (GFP) to a
compartment distinct from the mitochondrion, believed to be the apicoplast (Wrenger and
Muller, 2004). In addition, fatty acid biosynthesis, which produces the lipoate precursor
octanoyl-ACP, takes place in the apicoplast (reviewed in Lu et al., 2005). This suggests that a
lipoate biosynthesis pathway occurs in this organelle, enabling in situ lipoylation of PDH.

On the other hand, P. falciparum KGDH, BCDH and the glycine cleavage system are predicted
to be mitochondrial, as in other eukaryotes. This prediction is supported by the mitochondrial
localization of the E1p subunit of BCDH (Gunther et al., 2005) and of an E3 subunit common
to BCDH and KGDH (McMillan et al., 2005). A P. falciparum LplA homologue (named LipL1
in this study) was localized to the mitochondrion using an N-terminal construct fused to GFP
(Wrenger and Muller, 2004). 1t was shown to substitute for LipB activity in E. coli,
demonstrating that LipL1 can transfer octanoyl moieties from octanoyl-ACP to apo-E2
subunits. As ACP is not found in the malaria mitochondrion (Waller et al., 2000), it is more
likely that LipL1 has typical LplA activity, catalysing the attachment of preformed lipoate to
acceptor proteins. The LplA activity of LipL1 has not been demonstrated and there is no known
source of lipoate in the mitochondrion. One possibility is that lipoate synthesized in the
apicoplast would also be utilized in the mitochondrion. Alternatively, the parasite could acquire
lipoate from the host, as is the case for other essential nutrients (Saliba and Kirk, 2001a),
because both human serum (Teichert and Preiss, 1992; Packer et al., 1995) and the red blood
cell (Constantinescu et al., 1995) contain lipoate.

In this study, we establish the existence of lipoylation in P. falciparum and present the first
evidence that P. falciparum erythrocytic stages scavenge lipoate from the medium. We show
that the parasite possesses two functional LplA homologues, LipL1 and a newly identified
paralogue, LipL2, which could be involved in lipoate scavenging. Importantly, disruption of
this pathway by a lipoate analogue is lethal to the parasite in vitro. Hence, despite the probable
existence of a biosynthetic pathway in the apicoplast, P. falciparum intraerythrocytic parasites
appear to be auxotrophic for lipoate. This study exposes a new vulnerability that may be
exploited to kill the malaria parasite.
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Results

Evidence of lipoylation in P. falciparum erythrocytic stages

The P. falciparum genome encodes four proteins that are known to be lipoylated in other
organisms: the E2 subunits of PDH, KGDH and BCDH, and the H-protein of the glycine
cleavage system (Table 1). To determine if lipoylation indeed occurs in the parasite, we
analysed extracts from P. falciparum erythrocytic stages using antiserum specific for lipoylated
proteins (Humphries and Szweda, 1998;Sasaki et al., 2000). By Western blot, four major bands
with apparent masses of 73 kDa, 53 kDa, 46 kDa and 26 kDa were recognized (Fig. 2A). The
predicted masses of these four proteins are close to those of the four malaria lipoate acceptor
proteins (Table 1), suggesting that all four parasite proteins were labelled in the Western blot.
We positively identified the 73 kDa band using antibodies specific for P. falciparum apicoplast-
localized PDH E2 subunit (Fig. 2B). As the other three lipoate acceptor proteins are thought
to be mitochondrial (Table 1), these results provide further support for the existence of
lipoylation pathways in both the apicoplast and the mitochondrion.

Identification of LipL2, a new P. falciparum LplA homologue

Using the PlasmoDB genomic database, we identified a hypothetical protein (PF11160w) with
12% sequence identity to E. coli LplA. We designated this protein as lipoate ligase 2 (LipL2)
and cloned the LipL2 gene from mixed erythrocytic stage P. falciparum cDNA. The LipL2
gene (this sequence has been submitted in GenBank under accession number DQ400341)
encodes a polypeptide of 384 amino acids with a calculated mass of 46 059 Da (Fig. 3A). The
typical Pfam domain BPL_LiplA_LipB, which defines a family including biotin protein
ligases, LplA enzymes and LipB enzymes, is present in region 110-246 of the protein. The
conserved lipoate ligase domain KOG3159 is situated in region 79-280. In addition, many of
the important residues involved in substrate binding in Thermoplasma acidophilum LplA
homologue (Kim et al., 2005) are conserved in LipL2 sequence (Fig. 3A). The N-terminal end
of the protein is predicted to be a mitochondrial transit peptide by MITOPROT, with a
probability of export to the mitochondria of 0.93, but this algorithm fails to identify a likely
cleavage site. In contrast, PLASMIT, a prediction tool designed to identify malaria
mitochondrial proteins, predicts cytosolic localization with 99% confidence.

LipL2 is homologous with lipoate ligases from both eukaryotic and prokaryotic organisms (not
shown). However, it has only 21% identity with LipL1 (Fig. 3A). We identified orthologues
of LipL1 and LipL2 in the human parasite Plasmodium vivax, and in the murine parasites
Plasmodium yoelii, Plasmodium berghei and Plasmodium chabaudi (Table 2). Amino acid
sequence comparison indicates that LipL1 orthologues are well conserved and share higher
sequence identity with E. coli LplA than do LipL2 orthologues (Table 2). Thus, LipL1 and
LipL2 appear to define two distinct families of lipoate ligases whose existence is conserved
within the Plasmodium genus.

P. falciparum LipL1 and LipL2 restore LplA activity in an E. coli (LipB~, LplA~™) mutant

A previous report indicated that LipL1 can substitute for E. coli LipB (Wrenger and Muller,
2004), demonstrating that LipL1 can transfer the octanoyl group from octanoyl-ACP to
acceptor proteins. However, an involvement of LipL1 in the lipoate biosynthetic pathway is
improbable, because this pathway and the production of the precursor octanoyl-ACP occur in
the apicoplast, while LipL1 is located in the mitochondrion (Wrenger and Muller, 2004). To
assess the lipoate ligase activity sensu stricto of LipL1 and of the newly identified LipL2, we
investigated their ability to substitute for E. coli LplA. Functional complementation
experiments were performed in the lipoylation-deficient E. coli strain TM136 (Fig. 3B), where
both the octanoyltransferase activity (LipB™) from the biosynthetic pathway and the lipoate
ligase activity (LplA™) from the scavenging pathway are disrupted. The constructs used were

Mol Microbiol. Author manuscript; available in PMC 2009 December 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Allary et al.

Page 4

LipL1 lacking its mitochondrial transit peptide (LipL1yp), the full-length LipL2 protein
(LipL2g,) and LipL2 lacking a putative mitochondrial transit peptide (LipL25g). The lipoate
ligase activity was tested by growing TM136 cells transformed with these constructs in a
minimal medium with or without lipoate (Fig. 3B). The strains expressing LipL1,q grew slowly
in the absence of lipoate, indicating some LipB activity, as suggested previously (Wrenger and
Muller, 2004). However, they grew much faster in the presence of lipoate, demonstrating that
LipL1 primarily possesses a lipoate ligase (LplA) activity, using free lipoate scavenged from
the medium. The strains expressing LipL2g; and LipL2,9 only grew in the presence of lipoate,
indicating that LipL2 indeed possesses LplA activity, but no detectable LipB activity. In all
conditions tested, the absence of growth of the strain expressing the empty vector confirmed
that the phenotypes observed were specific to the LipL1 and LipL2 genes.

The lipoylation activity of LipL1 and LipL2 was further analysed by Western blot of TM136
cell lysates following functional complementation, using antiserum specific for lipoylated
proteins (Fig. 3C). The presence of lipoylated PDH, and, more prominently, of lipoylated
KGDH, was detected in the TM136 cells expressing LipL1 (grown both in the absence or in
the presence of lipoate). In contrast, lipoylated PDH alone was detected in the TM136 cells
expressing either of the LipL2 constructs, suggesting differences in substrate specificity
between LipL1 and LipL2.

Together, these results demonstrate that LipL1 and LipL2 are functional lipoate ligases, which
could both participate in lipoate scavenging in P. falciparum by using free lipoate as a substrate.

P. falciparum erythrocytic stages take up exogenous lipoate and incorporate it into specific
parasite proteins

To investigate whether P. falciparum is indeed able to scavenge lipoate from the medium, we
developed a novel method to prepare R-[6,8-3°S]-lipoate (see Appendix S1). P. falciparum
erythrocytic stages were then cultured in the presence of [3°S]-lipoate and parasite protein
extracts were analysed for the incorporation of radiolabel. Autoradiography revealed the
incorporation of [3°S]-lipoate into three proteins of 53 kDa, 46 kDa and 26 kDa (Fig. 2C). This
result demonstrates the existence of a functional lipoate-scavenging pathway in P.
falciparum erythrocytic stages. Notably, the radiolabelled proteins only correspond to three of
the four parasite proteins identified by Western blot using antiserum specific for lipoylated
proteins. The 73 kDa band recognized by antiserum specific for lipoylated proteins and by
antibodies specific for the E2 subunit of PDH was not labelled (Fig. 2C). As this protein is
exclusively localized to the apicoplast (Foth et al., 2005), these results also provide compelling
evidence that scavenged lipoate is not a significant source of apicoplast lipoate in P.
falciparum erythrocytic stages.

The lipoate analogue 8-bromo-octanoate inhibits lipoate ligase activity

In order to determine the importance of lipoate scavenging in P. falciparum, we aimed to
identify a compound able to interfere with lipoate ligase activity. Previous studies in E. coli
showed that a lipoate analogue was used as a substrate by E. coli LplA, resulting in the in
vivo accumulation of non-functional a-ketoacid dehydrogenase complexes and inhibition of
bacterial growth (Morris et al., 1994; Reed et al., 1994). We assessed the effects of a different
lipoate analogue, 8-bromo-octanoate (BrO, Fig. 1), on lipoate ligase activity. Our in vitro assays
used purified P. falciparum recombinant LipL1 (Fig. 4A) and, as lipoate acceptor proteins, the
H-protein from P. falciparum (Table 1) and from E. coli. The P. falciparum H-protein gene,
which was cloned from erythrocytic stages cDNA, encodes a 200-amino-acid protein with a
putative mitochondrial targeting peptide and one lipoylation domain (Table 1). Both H-proteins
were overexpressed in lipoylation-deficient E. coli strain TM136 to obtain apo-proteins. Pure
recombinant LipL1,q (Fig. 4A) has atypical ATP-dependent lipoate ligase activity, and appears
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to be stimulated by magnesium when P. falciparum H-protein is used as a substrate (Fig. 4B).
Additionally, similar to E. coli LplA (Morris et al., 1994; Zhao et al., 2003), it also displays
ATP-dependent octanoate ligase activity (Fig. 4C). In the presence of BrO, a dose-dependent
inhibition of both lipoylation (Fig. 4D) and octanoylation (Fig. 4E) activities was observed.
Mass spectrometry analysis showed that BrO is a LipL1 substrate and is covalently attached
to the H-protein (not shown). Interestingly, the BrO concentrations necessary to obtain
significant inhibition in both assays suggest that BrO is a better substrate than octanoate, but
a worse substrate than lipoate.

8-bromo-octanoate arrests P. falciparum in vitro growth and disrupts lipoate scavenging

Having established that BrO interferes with lipoate ligase activity, we next examined its effects
on P. falciparum erythrocytic stages in vitro. Asynchronous cultures were maintained in 0, 25,
100 and 400 uM of BrO. For each BrO concentration, culture media contained either no
additional lipoate (thus containing an expected lipoate concentration of 16—70 nM from the
serum, see Discussion) or 2 uM additional lipoate. For the first 2 days, no difference was
observed between the BrO-treated and the control cultures. However, by the third day, the 100
M and 400 pM BrO-treated cultures maintained without additional lipoate primarily
contained condensed parasite forms characteristic of growth arrest (not shown), and a dose-
dependent inhibition of parasite proliferation was observed (Fig. 5A). The addition of 2 uM
lipoate to the medium rescued growth inhibition in the 25 uM BrO-treated culture and largely
overcame growth inhibition in the 100 uM and 400 uM BrO-treated cultures. This result
demonstrated that BrO specifically interferes with a lipoate-related process in P. falciparum
parasites.

Although BrO inhibits parasite growth in the experiment shown in Fig. 5A, there appears to
be a delayed effect. Mixed stage parasites were used for this experiment and it is likely that
certain stages harbour significant populations of lipoylated proteins, delaying the effect of the
inhibitor. A similar phenomenon was shown to mask a growth defect in mutant Listeria
(O’Riordan et al., 2003). To address this possibility, the effects of BrO (400 pM and 1 mM)
were analysed on synchronized cultures treated from the ring stage for 48 h. In the culture
incubated with 400 uM BrO, a delay in parasite maturation was observed after 24 h (young
trophozoites versus early and late schizonts in the control) and 48 h (early rings versus late
rings and trophozoites in the control) incubation (Fig. 5B). At the 48 h time point, BrO was
removed from the medium; however, parasites with abnormal morphology were observed at
the 72 h and 96 h time points, suggesting that BrO effects are irreversible. At a higher
concentration (1 mM), BrO induced the formation of aberrant parasites at 24 h, with an
accumulation of abnormal schizonts and no newly reinvaded forms at 48 h (Fig. 5B). Residual
dead parasites were visible after BrO removal (Fig. 5B), but no live parasites could be detected
in the culture even after three full cycles without the inhibitor (not shown).

To confirm that BrO disrupts the lipoate-scavenging pathway, we analysed the incorporation
of exogenously supplied [3°S]-lipoate into P. falciparum proteins in BrO-treated cultures.
Asynchronous parasites were cultured for 2 days in a medium containing the radiolabelled
lipoate, in the absence or in the presence of 100 uM and 400 uM BrO, and parasite extracts
were analysed by autoradiography. BrO treatment reduced the incorporation of [3°S]-lipoate
into parasite proteins in a dose-dependent manner (Fig. 5C, upper left panel, lanes 1-3). In
contrast, it did not affect the incorporation of [3°S]-cysteine in parallel cultures (Fig. 5C, upper
right panel, lanes 4-6), demonstrating that the lipoate analogue does not significantly interfere
with nutrient uptake and protein synthesis in general. In addition, Western blot analysis using
antibodies that recognize P. falciparum heat shock protein 70 (PfHSPq) confirmed that the
reduction in [3°S]-lipoate-labelled proteins does not reflect a general decrease in protein content
due to parasite death (Fig. 5C, lower panels).
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

Collectively, these results strongly suggest that disruption of the lipoate-scavenging pathway
is lethal to P. falciparum erythrocytic stages in vitro.

Discussion

Protein lipoylation is a ubiquitous phenomenon and may proceed from biosynthesis and/or
scavenging. P. falciparum possesses four known lipoate acceptor proteins, the E2 subunits of
PDH, KGDH and BCDH, and the H-protein of the glycine cleavage system. Using antiserum
specific for lipoylated proteins, we identified in erythrocytic parasite extracts four labelled
bands of the expected sizes, which suggests that all four parasite lipoate acceptor proteins are
lipoylated. Western blot analysis confirmed that the larger band is the E2 subunit of PDH. The
localization of P. falciparum PDH to the apicoplast (Foth et al., 2005) and the likely
mitochondrial location of the three other proteins (Gunther et al., 2005; McMillan et al.,
2005) predicts a requirement for lipoate in both organelles (Fig. 6).

Plasmodium falciparum possesses genes for both lipoate biosynthesis and lipoate-scavenging
pathways (Wrenger and Muller, 2004, and this study). In this report, we show that
intraerythrocytic parasites can take up and incorporate radiolabelled lipoate from the external
environment. This is the first direct demonstration of lipoate scavenging in P. falciparum.
Lipoate is naturally present in the red blood cells (Constantinescu et al., 1995) and human
serum, where lipoate is found at concentrations of 33—145 ng ml~2 (i.e. 160-700 nM) bound
non-covalently to serum albumin, with a stoichiometry as high as 10:1 (Teichert and Preiss,
1992; Kawabata and Packer, 1994; Schepkin et al., 1994; Packer et al., 1995). Human serum
albumin was shown to be imported directly into the parasite cytosol, bypassing the erythrocyte
cytosol (El Tahir et al., 2003), which may provide a route for lipoate import. Alternatively,
lipoate may enter the parasite through small molecule nutrient uptake mechanisms induced in
the infected red blood cell (reviewed in Saliba and Kirk, 2001a). P. falciparum imports the
essential nutrient pantothenate (Divo et al., 1985) using a H*-coupled transporter located on
the parasite plasma membrane (Saliba and Kirk, 2001b). This transporter may also import
lipoate, as is the case for the mammalian Na*-coupled multivitamin transporter, known to
import biotin, lipoate and pantothenate (Prasad et al., 1998; Wang et al., 1999; Prasad and
Ganapathy, 2000). Moreover, experiments using isolated mitochondria demonstrated the
ability of this organelle to import lipoate (Tirosh et al., 2003).

Scavenged radiolabelled lipoate appears to be the substrate for lipoylation in the
mitochondrion, but not the apicoplast. This implies that an independent pathway must exist in
the apicoplast for the lipoylation of PDH. This conclusion is consistent with the demonstration
that P. falciparum contains functional LipB and LipA homologues likely to be localized in the
apicoplast (Wrenger and Muller, 2004). These enzymes could function as a lipoate synthesis
pathway using octanoyl-ACP produced by fatty acid biosynthesis. This is reminiscent of lipoate
metabolism in plants, where fatty acid biosynthesis provides substrate for PDH lipoylation in
the chloroplast. However, unlike P. falciparum, plants also have lipoate biosynthesis and a
PDH in the mitochondrion (Lernmark and Gardestrom, 1994; Mooney et al., 1999; Gueguen
etal., 2000; Wada et al., 2001). In Toxoplasma gondii, two recent studies show that disruption
of fatty acid synthesis either using the inhibitor triclosan (Crawford et al., 2006), or a knock-
out of ACP (Mazumdar et al., 2006), results in the loss of lipoylation of PDH, highlighting the
existence of a lipoate synthesis pathway in the apicoplast of this organism.

The genomes of P. falciparum and T. gondii have been reported to encode a protein with
homology to the E. coli lipoate ligase LplA (Thomsen-Zieger et al., 2003; Wrenger and Muller,
2004). In this report, we identify a second P. falciparum LplA homologue, which is distantly
related to the E. coli enzyme (12% sequence identity), but more closely related to LplA proteins
from other bacteria (28% identity with Chlamydophila abortus LplA homologue). We
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designated the LplA orthologue lipoate ligase 1 (LipL1), and the newly identified gene LipL2.
All available genomes of Plasmodium species contain genes encoding LipL1 and LipL2
proteins (Table 2). This phenomenon is not limited to Plasmodium, because LipL1 and LipL2
orthologues are also present in the genomes of the apicomplexan parasites Theileria parva,
Theileria annulata and Toxoplasma gondii. LipL1 and LipL2 appear to define two families of
lipoate ligase enzymes that may have a conserved role across these parasite species. This trend
has not been described elsewhere. Some bacteria, such as Listeria monocytogenes (O’Riordan
etal., 2003), also harbour two LplA enzymes, but in this case the two ligases are closely related
paralogues with clear homology to E. coli LplA.

Why would the parasite need two lipoate ligases? Functional complementation in the
lipoylation-deficient E. coli strain TM136 (LipB~, LplA™) show that both LipL1 and LipL2 are
functional lipoate ligases capable of using free lipoate scavenged from the environment. LipL1
enzymatic activity was further confirmed in vitro using one of its potential biological substrates.
As LipL1 is mitochondrial (Wrenger and Muller, 2004), it is a good candidate for lipoylating
the KGDH, BCDH, and H-protein of the glycine cleavage system. The precise function of
LipL2 in lipoate scavenging still needs to be established. Attempts to localize this protein by
immunofluorescence using our polyclonal antibodies were so far unsuccessful. Interestingly,
substrate specificity may explain the existence of two lipoate ligase enzymes in P.
falciparum. The analysis of the TM136 E. coli complemented with LipL1 and LipL2 constructs
shows that the two ligases have different substrate specificities, with LipL1 preferentially
lipoylating E. coli KGDH, and LipL2 preferentially lipoylating E. coli PDH. Thus, it is possible
that LipL1 and LipL2 also differ in their specificity towards P. falciparum lipoate acceptor
substrates.

The lipoate analogue diselenolipoic acid (1,2-diselenolane-3-pentanoic acid) has been shown
to inhibit the growth of E. coli by serving as a substrate for lipoate ligase LplA (Morris et al.,
1994; Reed et al., 1994). Comparison of the effects of diselenolipoic acid with the lipoic acid
analogues in which only one of the sulphur atoms was replaced by a selenium atom (6-seleno-8-
thiooctanoic acid and 6-thio-8-selenooctanoic acid) suggested that the inability of the analogue
to be reduced was essential for the production of non-functional a-ketoacid dehydrogenase
complexes. Here, we show that the lipoate analogue BrO interferes with the lipoate ligase
activity (and the octanoate ligase activity) of LipL1 in vitro. We also show that BrO inhibits
parasite growth, as well as the incorporation of radiolabelled lipoate from the medium into P.
falciparum proteins. Growth inhibition is counteracted by the addition of lipoate in the culture
medium, suggesting that the mechanism of BrO inhibition is competitive versus exogenous
lipoate. Based on our radiolabel incorporation studies, we have shown that exogenous lipoate
is not trafficked to the apicoplast and attached to apicoplast proteins, and thus, exogenous
lipoate would not rescue inhibition of lipoate biosynthesis. Taken together, these results show
that BrO interferes with lipoate scavenging and that lipoate scavenging is essential for the
survival of intraerythrocytic P. falciparum parasites.

Little effect on P. falciparum growth is observed during the first 48 h (about one life cycle) of
incubation with 400 uM BrO (Fig. 5A). During this time, BrO may interfere with several steps
of lipoate scavenging, such as lipoate uptake into the parasite, trafficking to the mitochondrion,
and incorporation into mitochondrial proteins. Indeed, it is likely that BrO is actively
transported into the parasite (perhaps by the same transporter as lipoate) because a similar
compound, octanoate, is not able to enter malaria parasites (Krishnegowda and Gowda,
2003). Once inside the parasite, BrO may compete with a pool of free lipoate. Analysis of
radiolabelled parasites shows that, although the majority of intracellular lipoate is protein-
bound, a small pool of free lipoate could exist (data not shown). While BrO may compete with
lipoate for uptake and intracellular trafficking, it is likely that the ultimate mechanism of BrO
toxicity is similar to that observed in E. coli — lipoate ligase enzymes attach BrO to lipoate

Mol Microbiol. Author manuscript; available in PMC 2009 December 21.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Allary et al.

Page 8

acceptor proteins, irreversibly poisoning one or more essential enzyme complexes. Indeed,
mass analysis of LipL1 reaction products shows that LipL1 is able to attach BrO to the H-
protein in vitro. This mechanism is consistent with the slow onset of growth inhibition in
asynchronous BrO-treated cultures, and with the irreversible nature of growth inhibition
observed with synchronized cultures. The rate of accumulation of BrO-modified parasite
proteins would be affected by such factors as: competition for uptake and trafficking,
competition as a lipoate ligase substrate, and the turnover of lipoylated proteins. After 48 h of
incubation with 400 uM BrO, these factors combine to reduce the incorporation of scavenged
lipoate into acceptor proteins to significantly lower levels (Fig. 5C).

Despite the fundamental role that lipoate plays in the biology of most organisms, there appears
to be a surprising diversity of strategies for lipoylating proteins (Yasuno and Wada, 2002;
O’Riordan et al., 2003; Gardner et al., 2005; Pain et al., 2005). Here, we provide evidence
supporting a novel arrangement in Plasmodium species, which contain an essential lipoate-
scavenging pathway, with two lipoate ligase paralogues LipL1 and LipL2, but also retain a
lipoate biosynthesis pathway in the apicoplast. The fact that lipoate scavenging is vital to the
parasite implies that lipoate synthesized in the apicoplast is not used in the mitochondrion, or
in any case, not at levels high enough to sustain parasite growth when the scavenging pathway
is inhibited. In T. gondii, inhibition of apicoplast fatty acid synthesis does not visibly affect
the lipoylation of mitochondrial proteins (Crawford et al., 2006; Mazumdar et al., 2006).
However, T. gondii parasites are able to grow in lipoate-deficient medium, and it is not known
if small amounts of synthesized lipoate (from the apicoplast) are used in the mitochondrion or
if lipoate can be scavenged directly from the host cell (Crawford et al., 2006). Our study
demonstrates that in P. falciparum lipoate biosynthesis and scavenging are independent from
each other. The compartmentalization, both physical and functional, of these lipoylation
pathways appears to have significant consequences on the parasite’s requirements for lipoate.
Indeed, our results support the conclusion that, while possessing a lipoate biosynthesis
pathway, P. falciparum is auxotrophic for lipoate.

The importance of lipoate scavenging for parasite survival highlights the major role of
lipoylated a-ketoacid dehydrogenase complexes. Non-lipoylated and diselenolipoylated
complexes are inactive, and it is very likely that complexes modified with BrO are similarly
unable to perform vital metabolic functions. A potential antioxidant role of these enzymatic
complexes (Muller, 2004), as demonstrated for the E2 and E3 subunits of the pathogenic
bacteria Mycobacterium tuberculosis (Bryk et al., 2002), would similarly be affected. It will
be of great interest to identify which of these lipoylated dehydrogenase complexes are required
for parasite survival.

Experimental procedures

Data base searches and sequence analysis

The malaria genome resource PlasmoDB (Bahl et al., 2003) was used for BLAST homology
searches to identify malaria lipoate ligase homologues and lipoate acceptor proteins. The
possibility of a mitochondrial transit peptide in LipL2 was analysed using the PLASMIT
(Bender et al., 2003) and MITOPROT (Claros and Vincens, 1996) prediction programs.
Lipoate ligase signature domains were identified from the NCBI Conserved Domain Database
(Marchler-Bauer et al., 2005). Amino acid sequence alignments were performed using the
programs swercier (Myers and Miller, 1988), ssearcn 3.4 (Lipman and Pearson, 1985; Pearson
and Lipman, 1988), or cLustauw 1.83 (Thompson et al., 1994) as indicated. For the P. vivax LipL2
homologue, the pairwise alignment was performed using a portion of the annotated sequence,
deduced from crustaw multiple alignment of P. falciparum, P. yoelii, P. berghei, P. chabaudi
and P. vivax LipL1 and LipL2 homologues.
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Western blotting

Proteins were separated by sodium dodecyl sulphate poly-acrylamide gel electrophoresis
(SDS-PAGE) on 4-12% acrylamide gels. The gels were blotted onto nitrocellulose membranes
(Schleicher and Schuell Bioscience) and further incubated with rabbit antiserum (Humphries
and Szweda, 1998; Sasaki et al., 2000) specific for lipoylated proteins (1:10 000, EMD
Biosciences), rabbit polyclonal antibodies specific for the E2 subunit of the P. falciparum PDH
(1:500, a kind gift from Geoff McFadden), or mouse polyclonal antibodies specific for
PfHSP7o (1:2000, a kind gift from Nirbhay Kumar). Donkey anti-rabbit immunoglobulin or
sheep anti-mouse immunoglobulin antibody conjugated to horseradish peroxidase (1:5000,
Amersham Biosciences) were used for detection with the Supersignal® West Pico
chemiluminescence kit (Pierce).

Cloning of parasite genes and construction of expression plasmids

The genes encoding LipL1, LipL2 and the H-protein were amplified by PCR from cDNA of a
mixed population of strain 3D7 Plasmodium falciparum erythrocytic stages. PCR products of
the LipL1 and LipL2 genes were ligated into the pET100-TOPOD vector (Invitrogen),
generating plasmids pMAO0O5 and pMAQO02 respectively. The amplicon encoding the H-protein
was ligated into pBluescript SK+ (Stratagene) digested with EcoRI and Hindlll, to generate
plasmid pMAO0OQ7. Expression plasmids encoding the LipL1, LipL2 and H-protein constructs
were generated from plasmids pMAO0O05, pMAQ002 and pMAO0O7. Nucleotides encoding amino
acids 20-408 of LipL1 (LipL1,g) were amplified and the resulting amplicon was digested with
Munl and Pstl, followed by ligation into the pMAL_cHT vector (Muench et al., 2003) digested
with EcoRI and Pstl, generating pMAO006. Nucleotides encoding full-length LipL2
(LipL2g,) and a putative mitochondrial product (LipL2,g, residues 29-356) were amplified
and the resulting amplicons were digested with EcoRI and Pstl, followed by ligation into
pMAL_cHT digested with the same endonucleases, generating plasmids pMAQ03 and
pPMAOQ04 respectively. Plasmid pMAOQQO7 was digested with EcoRI and HindllI to obtain the
PfH-protein insert, which was then ligated into pMAL_cHT digested with the corresponding
restriction enzymes, generating pMAOQ08. Nucleotides encoding the E. coli H-protein (amino
acids 2-130) were amplified from plasmid pNMNZ108 (Cicchillo et al., 2004) and the resulting
amplicon was digested with EcoRI and HindlIl1, followed by ligation into pLZ_cH (MalE gene
of pMAL_cHT replaced with the amino acids MRGS) digested with the same endonucleases,
generating plasmid pLZ002.

TM136 bacterial strain, culture media and functional complementation

The E. coli null mutant strain TM136, deficient in lipoylation activity (Morris et al., 1994),
was grown in YT medium containing 50 pgml~ kanamycin and 15 ug ml tetracycline, and
supplemented with 0.2% (w/v) glucose as a carbon source. Sodium succinate (10 mM) and
sodium acetate (10 mM) were added to bypass the requirement for KGDH activity and PDH
activity respectively. For complementation studies, TM136 cells were transformed with
pMAO006, pMA003, pMAO004 or empty pMAL_cHT vector as control. Transformants were
selected using 50 pg mI~1 ampicillin and further grown in E minimal medium (Davis et al.,
1980) supplemented with 0.4% glucose, 7.5 pg ml~1 FeSOy4, 1 mg ml~2 vitamin-free casein
hydrolysate, 2 ug ml~1 thiamine, 10 mM sodium succinate and 10 mM sodium acetate (TM136
medium), containing the three antibiotics above. After cultures reached an ODggg between 0.7
and 1.3, cells were pelleted and washed twice in medium free of succinate and acetate. After
equilibration in this medium for 1 h, cells were inoculated at a starting ODggg of 0.01 in fresh
medium in the presence or in the absence of 10 ng ml~1 lipoate. Culture growth at 37°C was
assessed by measuring the ODgqq after 48 h and 72 h.
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Preparation of [3°S]-lipoate

Biologically active R-[6,8-3°S]-lipoate was prepared from E. coli overexpressing the E. coli
H-protein as described in Appendix S1. The lipoate used in this report contained 0.4 ng pl ™2
of R-lipoate with a specific activity of 34.2 Ci mmol L.

Parasite culture and lipoate incorporation

Plasmodium falciparum (strain 3D7) asexual blood stages were maintained in RPMI 1640
medium (Gibco) containing human erythrocytes at 2% haematocrit, and supplemented with 25
mM HEPES, 12.5 ug ml~1 hypoxanthine, 0.24% NaHCO3 and 10% human serum (Trager and
Jensen, 1997). When indicated, parasites were synchronized by Sorbitol treatment (Lambros
and Vanderberg, 1979). For lipoate incorporation experiments, 5 ml of cultures was maintained
in the medium described above with a 5% haematocrit and a starting parasitaemia of 0.5%.
Culture medium was changed daily and included 0.3 pCi mI~1 of [33S]-lipoate (2 ng mI~1 of
bioactive R-lipoate). Thin blood smears of cultures were made daily and were Giemsa-stained
to assess culture status and parasitaemia. Labelled parasites were harvested after 72 h as
follows. Red blood cells were harvested by centrifugation at 445 g for 5 min, washed three
times with ice-cold PBS, and lysed with 0.2% saponin for 3 min on ice. Red blood cell
membranes and parasites were then pelleted at 5000 g for 5 min. Pellets were then washed two
times with PBS, resuspended in gel loading buffer, and the equivalent of 700 ul of culture was
analysed by SDS-PAGE followed by autoradiography.

Expression and purification of recombinant proteins

Plasmid pMAQO6 (encoding LipL1,g) was transformed into BL21-Star(DE3) cells (Invitrogen)
cotransformed with the pRIL plasmid isolated from BL21-CodonPlus(DE3) cells (Stratagene)
and a plasmid encoding the Tobacco Etch Virus (TEV) protease (Kapust and Waugh, 2000).
These cells produce LipL1,q fused to an amino-terminal maltose binding protein (MBP).
Constitutively expressed TEV protease catalyses in vivo cleavage of MBP, liberating the
malaria protein with an amino-terminal six-histidine tag (Muench et al., 2003). Transformed
cells were grown to mid-log phase and the expression of recombinant proteins was induced by
the addition of 0.4 mM IPTG. Cells were harvested after growth for 10 h at 20°C. LipL1,¢ was
purified by metal chelate chromatography followed by cation exchange chromatography and
gel filtration. Plasmid pMAOO08 encoding PfH-protein and plasmid pLZ002 encoding EcH-
protein were transformed into E. coli strain TM136. These cells were grown in TM136 medium
described above with 25 pug mi~1 (for pMA008) or 50 ug ml~2 (for pLZ003) ampicillin.
Transformed cells were grown to mid-log phase and the expression of recombinant H-proteins
was induced by the addition of 0.1 mM (for pMAQ08) or 0.4 mM (for pLZ002) IPTG. Cells
were harvested after growth for 10 h at 20°C. Apo-PfH-protein was purified by amylose affinity
chromatography and apo-EcH-protein was purified by metal chelate chromatography, followed
by anion exchange chromatography.

Enzymatic assays and inhibition by BrO

For lipoate ligase activity, purified LipL15g (0.3 M) was incubated in 100 mM Na/K
Phosphate buffer (pH 7) containing 1.8 mM ATP, 1.8 mM MgCl, and 120 uM DTT, in the
presence of 180 uM lipoate and H-protein substrates: PfH-protein (1.8 uM) or EcH-protein (2
uM). After incubation at 37°C for 30 min, the reactions were analysed by SDS-PAGE followed
by Western blotting using antiserum specific for lipoylated proteins. For octanoate ligase
activity, purified LipL1yo (3 M) was assayed as above with 72 uM [1-14C]-octanoate as a
fatty acid substrate (American Radiolabeled Chemical, specific activity 53 mCi mmol™1) and
10 uM Pf or Ec H-protein, at 30°C for 20 min. The reactions were then analysed by SDS-
PAGE, and octanoylated proteins were detected by autoradiography. The effect of BrO on
LipL1 lipoylation and octanoylation activity was assessed by adding the inhibitor, dissolved
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in dimethylsulphoxide (DMSO) at the concentrations indicated, in the conditions described
above using apo-PfH-protein as a substrate. For the lipoylation activity, the intensity of the
chemiluminescence signal was measured by densitometry and expressed as percentage
inhibition as compared with the activity of the control reaction containing the solvent only. For
the octanoylation activity, after the reaction, proteins were precipitated with 10% tricarboxylic
acid (TCA), washed twice in 10% TCA, and then resuspended in scintillation fluid. The
radioactivity associated with protein-bound octanoate was determined by scintillation
counting.

Inhibition of parasite growth by BrO

Eight parallel 5 ml P. falciparum cultures of asynchronous parasites were maintained in the
culture medium described above. The cultures were initiated with a starting parasitaemia of
0.09%. Each culture contained 5 pl of DMSO or BrO-dissolved DMSO. In addition, each
culture contained 5 pul of ethanol or R,S-lipoate (Sigma) dissolved in ethanol. The medium was
changed daily, maintaining the concentrations of BrO (0, 25, 100 or 400 uM) and additional
lipoate (0 or 2 uM) in each culture. On a daily basis, thin blood smears of cultures were Giemsa-
stained to assess culture status and parasitaemia. Synchronized cultures were also grown in the
presence of 0 uM, 400 uM and 1 mM BrO for 48 h starting at the ring stage, with daily medium
change, then maintained in the absence of BrO for several days as indicated. Cultures
morphology and parasitaemia were assessed on Giemsa-stained blood smears. To examine the
effects of BrO on exogenous lipoate incorporation, asynchronous parasites were cultured for
48 h with 0, 100 and 400 uM BrO in the medium, in the presence of 3°S-lipoate (0.9 pCi
mlI~1) or, as a control, 35S-cysteine (20 uCi ml~1, American Radiolabeled Chemicals). Cultures
were harvested and parasite protein extracts analysed for incorporation by SDS-PAGE
followed by autoradiography. Parasite samples were also analysed by Western blotting and
probed with the anti-PfHSP;q antibody.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The structures of R-lipoate and BrO.
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Evidence of lipoylation and lipoate scavenging in P. falciparum.

A. Western blot analysis of a lysate from asynchronous erythrocytic stage parasites probed
with antiserum specific for lipoylated proteins (1:10 000).

B. Western blot analysis of a lysate from asynchronous erythrocytic stage parasites probed
with antibodies specific for the E2 subunit of P. falciparum PDH (1:500).

C. Incorporation of radiolabelled lipoate into proteins. Erythrocytic stage parasites were
cultured for 2 days in the presence of [3°S]-lipoate (0.3 uCi ml~1). Protein extracts were
separated by SDS-PAGE and analysed by autoradiography. The putative assignment of protein
bands is indicated.
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Fig. 3.

P. falciparum possesses two functional LplA homologues.

A. CLUSTALW alignment of P. falciparum LipL1 and LipL2 amino acid sequences. Boxed
residues correspond to the conserved lipoate ligase region (KOG3159). The amino acids
involved in the interaction with the lipoyl-AMP intermediate in the crystal structure of
Thermoplasma acidophilum LplA (Kim et al., 2005) are highlighted in bold. Triangles mark
the first amino acids in the LipL1yg and LipL2,g constructs.

B. Functional complementation of lipoylation-deficient E. coli strain TM136. TM136 cells
transformed with mature LipL1 (L1yg), full-length LipL2 (L2F,), a putative mature LipL2
(L25g), or the pMAL vector alone were incubated at 37°C in non-permissive minimal E medium
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containing 0.1 mM IPTG, in the presence or in the absence of 10 ng mI~2 lipoate. The starting
optical density (ODgqg) for each culture was 0.01. Cell growth was assessed by measuring the
ODgqp of the cultures after 48 h (open bars) and 72 h (closed bars). Experiments were conducted
in triplicate and error bars indicate the standard deviation.

C. LipL1 and LipL2 specificity for E. coli lipoate acceptor proteins. After functional
complementation, lysates from equivalent amounts of cells expressing LipL15g, LipL2F, and
LipL2,9 were analysed by Western blot using antiserum specific for lipoylated proteins (a-
LA). The absence (—) or presence (LA) of lipoate in the complementation medium is indicated.
Loading was normalized to the optical density. The lipoylation pattern of the BL21 strain,
which is wild-type for lipoylation (WT, about five times less cells), and of the TM136 cells
expressing the pMAL vector alone [pMAL, requiring succinate and acetate (SA) for growth]
are also shown. The same blot was stripped and reprobed with antiserum specific for E. coli
DnaK as a loading control (a-DnaK).
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Inhibition by BrO of pure recombinant LipL1 enzymatic activity.

A. Coomassie-stained SDS-PAGE gel showing purified LipL1yg.

B. LipL1 lipoylation activity. Purified LipL15q (0.3 uM) was assayed for lipoate ligase activity
in the presence (+) or the absence of several reaction components as indicated, using 1.8 uM
apo-PfH-protein (upper panel) or 2 uM apo-EcH-protein (lower panel). The lipoate
concentration was 180 puM. The reactions were analysed by SDS-PAGE, and lipoylated
proteins were detected by Western blot analysis using antiserum specific for lipoylated
proteins. X, heat-killed LipL15q.

C. LipL1 octanoylation activity. Purified LipL1,q (3 uM) was assayed for octanoate ligase
activity in the presence (+) or the absence (-) of 1.8 mM ATP using 10 uM apo-PfH-protein
(upper panel) or apo-EcH-protein (lower panel). The [1-14C]-octanoate concentration was 72
UM. The reactions were analysed by SDS-PAGE, and octanoylated proteins were detected by
autoradiography.
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D. Inhibition of LipL1 lipoylation activity by BrO. LipL1,q was assayed as described in B with
apo-PfH-protein as substrate in the presence of 180 uM lipoate and 0, 1 and 10 mM BrO. The
percentage of inhibition as compared with the control reaction without BrO is indicated below
the figure.

E. Inhibition of LipL1 octanoylation activity by BrO. LipL1,y was assayed as described in C
with apo-PfH-protein as substrate in the presence of 72 uM [1-14C]-octanoate and of various
concentrations of BrO. Octanoylated H-protein was TCA-precipitated and quantified by
scintillation counting. The graph shows the percentage inhibition versus BrO concentration.
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Fig. 5.

Effects of BrO on P. falciparum cultures.

A. Effect of BrO on P. falciparum proliferation. Asynchronous parasites were cultured for 7
days in the presence of 0, 25, 100 and 400 uM BrO, with or without additional 2 uM lipoate
(LA) in the growth medium. Cultures were monitored and their parasitaemia assessed with
daily Giemsa-stained smears.

B. Effect of BrO on synchronized parasites. P. falciparum cultures at the ring stage were
incubated with 400 uM and 1 mM BrO for 48 h with daily medium change, then subsequently
maintained without the lipoate analogue. Images of Giemsa-stained parasites from the different
cultures analysed every 24 h are shown.

C. Effect of BrO on parasite incorporation of exogenous lipoate. Asynchronous cultures were
grown for 2 days in the absence (lanes 1 and 4) or in the presence of 100 uM (lanes 2 and 5)
and 400 1M (lanes 3 and 6) BrO. The culture media also contained [3°S]-lipoate (0.9 puCi
ml~1) or asa control, [3°S]-cysteine (20 uCi ml~1), as indicated. Parasite extracts were analysed
by SDS-PAGE followed by autoradiography (upper panels) or by Western blot using anti-
PfHSP-q antibodies (lower panels).
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Model of lipoate metabolism in P. falciparum erythrocytic parasites. The scheme describes
lipoate synthesis in the apicoplast and lipoate scavenging in the mitochondrion. Proteins are
coloured blue. In the mitochondrion, ‘E2’ could represent the H-protein or the E2 subunits of
BCDH or KGDH. The two putative locations of LipL2 are shown.
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