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Summary

Malaria, caused by protozoan parasites, is a major public health issue in subtropical countries.
An arsenal of antimalarial treatments is available, however, resistance is spreading, calling for
the development of new antimalarial compounds. The new lead antimalarial drug plasmodione
is a redox-active compound that impairs the redox balance of parasites leading to cell death.
Based on extensive in vitro assays, a model of its mode of action was drawn, involving the
generation of active plasmodione metabolites that act as subversive substrates of flavoproteins,
initiating a redox cycling process producing reactive oxygen species. We showed that, in yeast,
the mitochondrial respiratory chain NADH-dehydrogenases are the main redox-cycling target
enzymes. Furthermore, our data supported the proposal that plasmodione is a pro-drug acting
via its benzhydrol and benzoyl metabolites. Here, we selected plasmodione-resistant yeast
mutants to further decipher plasmodione mode of action. Of the eleven mutants analysed, nine
harboured a mutation in the FAD binding subunit of succinate dehydrogenase (SDH). The
analysis of the SDH mutations points towards a specific role for SDH-bound FAD in
plasmodione bioactivation, possibly in the first step of the process, highlighting a novel
property of SDH.



Introduction

Malaria is one of the major public health issues in subtropical areas. This mosquito-borne
infectious disease is caused by unicellular eukaryotic parasites of the genus Plasmodium, of which
P. falciparum is responsible for the most severe forms of the disease. The parasites have a complex
life cycle. In the human host, they mostly undergo asexual multiplication in red blood cells causing
the malaria symptoms. A small population of the parasites differentiate in gametocytes that can
infect mosquitoes upon a blood meal. Most drugs currently on the market target the symptomatic
asexual forms. But increasing efforts are now made to develop drugs acting on the transmissible
forms, with the aim of malaria control and elimination. A major concern, however, is the spread
of drug resistances. Parasites have developed resistances to almost all drugs used so far to treat
malaria, including artemisinin. There is thus an urgent need for new antimalarial compounds with
different modes of action and low risk of resistance.

Plasmodione (3-[4-(trifluoromethyl)benzyl]-menadione) (PD) is a novel early lead compound
displaying fast-acting antimalarial activity [1] [2]. It disrupts the redox balance of parasite-
infected red blood cells [3] and is active against early asexual (rings) and sexual stages (young
gametocytes). It also presents a safe toxicological profile for possible use in humans. The
antimalarial selectivity of plasmodione largely comes from its specific bioactivation within
Plasmodium parasitized-red blood cells. A mode of action was proposed based on extensive in
vitro assays. The drug bioactivation starts with its benzylic oxidation to form the 3-
benzoylmenadione (PDO), possibly through a benzhydrol (PD-bzol) intermediate [4], and
likely catalysed by free or protein-bound hemes (including hemoglobin) via ferryl species (see
[3] [5] and refs within). PDO then acts as a subversive substrate of flavoprotein(s). In vitro,
PDO is able to cycle with the NADPH-dependent glutathione reductase and methemoglobin
(metHb(Fe"), the two major proteins of the parasitized red blood cells, especially in
trophozoites that actively digest host hemoglobin. In treated parasitized cells, the redox-cycle
would lead to redox unbalance and ultimately to parasite death (see Fig.5 and 6 in [3] for a
detailed model of PD mode of action). However, PD is particularly active against early rings
and gametocytes [2], at which stages, hemoglobin digestion is not the major metabolic process.
Thus, in these stages, hemoglobin might not play a predominant role in PD activity and other
actors need to be identified. We used yeast as a model to uncover enzymes and metabolic
pathways required for PD activity.

PD is a potent inhibitor of yeast respiratory growth, acting most likely by triggering oxidative
stress [5]. Genetic and biochemical analyses pointed towards a key role for the mitochondrial
respiratory chain flavoprotein NADH-dehydrogenases (NDHSs) in PD activity. We found that
plasmodione metabolites PD-bzol and PDO act as subversive substrates of these enzymes. The
reaction results in the production of superoxide anion radicals, which in turn leads to growth
arrest (Fig.1). Yeast sensitivity towards PD correlates with NDH activity [5]. Also, increasing
the dosage of genes encoding other flavoproteins such as Glrl, Lpdl and Mcr resulted in a
moderate increased of PD sensitivity in cells with decreased NDH activity, suggesting those
enzymes may as well contribute to PD activity [5].

Here, we selected and studied yeast mutants resistant to PD in order to further decipher the
mode of action of PD and to uncover additional enzymes involved in PD activity. We found
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that resistance is caused by defects in two components and one partner of components of the
Krebs cycle: Lpd1, the mitochondrial lipoamide dehydrogenase, Lip2, the mitochondrial lipoyl
transferase and SDH, the succinate dehydrogenase. Interestingly, of the eleven mutants
obtained and analysed, nine harbour a mutation in SDH, and all SDH mutations are located in
Sdhl, the FAD binding subunit, pointing towards a key role of that co-factor in PD activity.
Further analyses suggest that SDH is involved in the bioactivation of PD into its active
metabolites, but not in the redox cycling activity of these metabolites.
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Figure 1. Simplified model of plasmodione activity pathway (adapted from [3]).

Step 1: The benzylic oxidation of plasmodione (PD) generates the 3-benzoylmenadione metabolite (PDOqx),
possibly through a benzhydrol (PD-bzol) intermediate. This reaction is likely catalysed by free or protein-bound
hemes. Step 2: PDOox acts as a substrate of flavoenzymes and is reduced, generating PDOyey. Step 3: PDOyeq
transfers an electron to oxygen leading to superoxide anion radical production. Re-oxidized PDO binds again to
and is reduced by flavoenzymes in a redox-cycle. The superoxide anion radicals generated by the process damage
enzymes sensitive to oxidative stress. In addition, the continuous oxidation of NAD(P)H results in redox imbalance
in the cells, increasing the protein oxidation and leading to growth arrest.

Materials and Methods

Growth media and yeast strains

The following growth media were used: YPD (1% yeast extract, 2% peptone, 3% glucose);
YPEth (1% yeast extract, 2% peptone, 2% ethanol); YPG (1% yeast extract, 2% peptone, 2%
glycerol).

Resistant mutants were selected from strain AD1-9 that lacks several membrane transporters
(o, ura3, hisl, Ayorl, Asnq2, ApdrS, Apdrl0, Apdrll, Aycfl, Apdr3, Apdrl5, Apdrl), Kindly
provided by M. Ghislain, UCL, Belgium.

Growth assays and drug sensibility tests

Drug sensitivity was assessed by monitoring the inhibition of yeast cell proliferation. Yeast
were grown in 5 mL culture medium YPEth with increasing concentrations of drugs. Cultures
were inoculated at an ODgoonm Of 0.2 and incubated at 28°C with vigorous shaking for three
days. ODeoonm Were then measured. Data are plotted for each strain as the percentage of growth
relative to untreated control. The experiments were repeated at least twice and the data



averaged. ICsos (drug concentrations required to obtained 50% growth inhibition) were
estimated from inhibitor titration plots.

Measurement of enzymatic activities

Mitochondria were prepared as in [6]. Protein concentration was determined by Bradford
method.

Succinate- and NADH-cytochrome c reductase activities were measured by monitoring the rate
of reduction of cytochrome ¢ spectrophotometrically at 550-540 nm over 5-min time-course.
Measurements were performed at room temperature in 1 mL of 10 mM potassium phosphate
pH 7, 2 MM KCN and 20 uM cytochrome c. Mitochondria were added at 70-120 ug protein
mL* for the succinate- cytochrome ¢ reduction activities and around 25 pg protein mL for the
NADH-cytochrome ¢ reduction activities. The reaction was initiated by the addition 5 mM
succinate or 0.8 mM NADH.

Lipoamide dehydrogenase activities were measured, as described in [7] by monitoring the rate
of oxidation of NADH spectrophotometrically at 340 nm over 20 min time-course.
Measurements were performed at room temperature in 1 mL of 50 mM potassium phosphate
pH 6.5 and 0.9 mM of lipoamide. Mitochondria solubilized in triton X-100 for 10 min on ice
were added at 60-100 pg protein mLt. The reaction was initiated by addition of 0.2 mM of
NADH.

The activities of the a-ketoglutarate dehydrogenase and pyruvate dehydrogenase complexes
were measured by monitoring the rate of reduction of NAD spectrophotometrically at 340 nm
over 20 min time-course. Measurements were performed at room temperature in 1 mL of 50
mM potassium phosphate pH 7.8, 1 mg mL™* BSA (bovine serum albumin), 0.01 mM DTT
(dithiothreitol), 2 mM CaClz, 2 mM MgClz, 0.1 mM TPP (thiamine pyrophosphate), 1 mM
NAD" and 2 mM a-ketoglutarate or 2 mM pyruvate. The mitochondria were added at 60-100
ug protein mL. The reaction was initiated with 0.25 mM coenzyme A trilithium salt.

The measurements were repeated at least thrice and averaged.

Sequencing analysis

Whole genome sequencing (WGS) and bioinformatics analysis were performed by the Next
Generation Sequencing Core Facility of I2BC (www.i2bc.paris-saclay.fr). The sequences of the
mutants were compared to the sequence of their parental strain, AD1-9. Up to 80 mutations per
mutant were observed. Amongst them, the most likely mutations causing the phenotype were
easily identified. The presence of mutations was then confirmed by PCR and sequencing of the
mutated genes, using independent DNA preparations.

Results and discussion

Selection of the resistant mutants and identification of the mutations

The strain AD1-9, sensitive to plasmodione (PD), was used to select resistant mutants. Several
subclones from AD1-9 were grown on YPD, and then incubated on respiratory medium (YPG)
supplemented with 100 uM PD that fully abolished AD1-9 growth. Resistant colonies appeared



after three to four week incubation. Eleven genetically independent resistant colonies, each
from different subclones of the parental AD1-9 strain, were then analysed.

We first assessed their respiratory growth competence and level of resistance to PD. The
mutants could be classed in three groups (Table 1). Most of the mutants presented a strong
decrease in respiratory growth competence as the cell density (ODeoonm) after three-day culture
reached only approximately 10% of the control density. The defect correlated with a strong
resistance to PD as the ICso increased by more than 6-fold compared to control. The other
mutants showed a moderate or weak resistance, and similarly, a moderate or weak respiratory
defect.

Table 1 Classification of the PD resistant mutants

phenotype group ODsoonm approx. 1Cso number of
(uM) mutants

WT 45+ 5 4

strong 41 >25 7

moderate 15+2 15 3

weak 28+3 8 1

The parental strain AD1-9 (WT) and mutants were grown in respiratory medium (YPEth) with increasing
concentrations of PD. ODegoonm Were measured after three-day culture. The experiments were repeated at least
twice. The data were averaged and standard deviations estimated. 1Csqs (drug concentrations required to obtain
50% growth inhibition) were estimated from the inhibitor titration plots of ODggonm Versus PD concentrations.

We then tested whether the resistance could be caused by a multidrug resistance mechanism,
although the use of AD1-9 lacking several membrane transporters should make it unlikely.
None of the mutants tested presented a cross-resistance to proguanil, azoxystrobin or
atovaquone (not shown), suggesting a more specific mechanism of resistance to PD.

The mutants were then sequenced to identify possible resistance mutations. Nine mutants carry
mutations in SDH1. The strong resistance mutants display the following amino-acid
substitutions: G64S (in three mutants), W112L (in two mutants), D266G (in one mutant) and
C431Y (in one mutant); G249C was found in two moderate resistance mutants. The two
remaining mutants harbour a mutation in LIP2 or in LPD1.

Table 2 Identified mutations

phenotypic group gene amino-acid substitution number of mutants

strong SDH1 G64S 3
SDH1 W112L 2

SDH1 D266G 1

SDH1 C431Y 1

moderate SDH1 G249C 2
LIP2 G172V 1

weak LPD1 G94D 1




We previously observed that the deletion of NDE1, encoding the main NDH, caused PD
resistance. It thus could be intriguing that no mutation in that gene was found. However Andel
mutant presented a moderate PD resistance with a ICso value around 15 uM [5] and the PD dose
used in the screening presumably favoured the selection mutants with high level of resistance.
It is also likely that by selecting more mutants, Ndel mutations would eventually be found.

Resistance mutations in LPD1 and LIP2

Both LPD1 and LIP2 encode mitochondrial enzymes involved in the pyruvate dehydrogenase
(PDH) and o-ketoglutarate dehydrogenase (KGDH) complexes that are central to energy
metabolism (Fig.2A). Lpdl is a dihydrolipoamide dehydrogenase (or lipoamide
dehydrogenase, LPD) located in the mitochondrial matrix. It functions as a homodimer, forming
the E3 component of the PDH and KGDH complexes. Lpdl catalyses the reoxidation of the
lipoic acid co-factor bound to E2 with the reduction of NAD" into NADH. Lpd1 also possesses
a diaphorase activity and can catalyse the oxidation of NADH using different electron
acceptors, in accordance to the former nomenclature of LPD denominated menadione
reductase. The mitochondrial lipoyl transferase Lip2 participates in the attachment of the co-
factor lipoic acid to the E2 component of the two complexes.

To confirm that the observed mutation in LIP2 is the cause of the moderate respiratory defect
and the decreased sensitivity to PD, we transformed the WT strain and the lip2 mutant with a
multi-copy plasmid bearing a WT copy of LIP2 under the control of its own promoter, and
tested the growth and PD sensitivity of the resulting strains (Fig.2 C and D). The increased gene
copy resulted in a slight growth defect in the WT strain while the WT LIP2 copy restored the
respiratory growth and PD sensitivity of lip2-G172V to WT level, as expected.

A PD resistance mutation in LPD1 was not unexpected. Indeed, we previously showed that the
overexpression of LPD1 in a ANDE1 background, increased the sensitivity to PD, indicating
that this flavoprotein could be involved in PD activity, in concert with other flavoproteins such
as the NADH-dehydrogenases (NDHSs) [5].

The PD resistance mutation identified in LPD1 results in the replacement of a glycine by an
aspartate at position 94. Residue G94 is located at the interface between the two monomers in
the yeast Lpd1 structure. The nearest residue is N104 located in the other monomer (Fig.2B).
We propose that G94D might induce a steric (and/or electrostatic) clash and destabilize the
structure, causing a defect in the enzyme activity. To test this, we measured the NADH
oxidation activity of LPD using lipoamide as electron acceptor (diaphorase activity) in
mitochondrial samples of WT and mutants. As expected, mutation sdh1-D266G had no effect
on LPD activity. By contrast, we observed a severely decreased activity in mutant Ipd1-G94D
and an increased activity in lip2-G172V (Fig.2E). The reduced lipoylation of E2 in mutant lip2
mutant might favour the diaphorase activity of LPD, at least in our experimental conditions,
hence the increase in NADH oxidation observed in this mutant.
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Figure 2. Characterisation of Ipd1 and lip2 mutants

A) Schematic representation of the a-ketoglutarate dehydrogenase complex activity. The enzymatic complex is
formed by three components: TPP dependant a-ketoglutarate dehydrogenase (E1); dihydrolipoyl transacetylase
(E2) and lipoamide dehydrogenase (E3, Lpd1l in yeast). Lip2 is responsible for the lipoylation of E2. TPP, thiamine
pyrophosphate; lip, lipoamide; CoA, coenzyme A.

B) Location of the PD resistant mutation in yeast Lpd1l homodimer structure (PDB: 1JEH). The monomers are
shown in dark and in light blue. The FAD co-factor is in red. G94 is the residue mutated in the PD resistant mutant.
N104, located on the other monomer, is the nearest residue to G94.

C, D) Restoration of respiratory growth competence and PD sensitivity in the lip2 mutant. WT (white) and lip2
mutant (black), without (-) and with (+) plasmid-borne wt copies of LIP2 (pLip2) were grown in respiratory
medium (YPEth) for three days. ODgoonm Were then monitored. C) ODsoonm reached in absence of PD; D) Growth
yield in medium supplemented with 6 uM PD. Data are presented, for each strain, as % of ODeoonm reached in
absence of PD.

E) LPD activity in WT and mutants sdh1-D266G, Ipd1-G94D and lip2-G172V. Lipoamide-driven NADH
oxidation rates were monitored at 340 nm using 0.9 mM lipoamide as electron acceptor. Detergent-solubilized
mitochondria were added at 60-100 pg protein mL1. The reaction was initiated by addition of 0.2 mM of NADH.
The measurements were repeated at least thrice and the data averaged. Error bars represent standard deviation.

F) Activity of the complexes a-ketoglutarate dehydrogenase (grey) and pyruvate dehydrogenase (hatched) in WT
and mutants sdh1-D266G, Ipd1-G94D and lip2-G172V. NAD* reduction rates were monitored at 340 nm using
either 2 mM a-ketoglutarate or 2 mM pyruvate as electron donor. Mitochondria were added at 60-100 ug protein
mL. The measurements were repeated at least thrice and the data averaged. Error bars represent standard
deviation.

Based on the structure of LipB (PDB: 1W66), the Mycobacterium tuberculosis homolog of
Lip2, substitution G172V found in the PD resistant Lip2 mutant is located in the catalytic
domain [8], [9], [10], [11]. An impaired Lip2 activity should result in a defect in the lipoylation
of the E2 component of KGDH and PDH and thus affect the activities of both complexes. To
test this, we measured the KGDH and PDH activities in WT and mutants (Fig.2F). As expected,
both activities reached WT levels in mutant sdh1-D266G but were severely decreased in both
Ipd1-G94D and lip2-G172V mutants.

How to explain the resistance to PD of Ipd1-G94D and lip2-G172V mutants? We hypothesize
that the decreased activities of the pyruvate dehydrogenase complex and the a-ketoglutarate
dehydrogenase complex, one of the limiting steps of the Krebs cycle [12], would result in a
decreased activity of the whole Krebs cycle and a lower production of NADH. In consequence,
the activities of the NADH-dependent flavoenzymes, such as NDHSs that catalyse the damaging
redox-cycling with PD metabolites, would be decreased, leading to a reduced sensitivity to PD.
Indeed a lower NADH/NAD™ ratio was observed in correlation with decreased KGDH activity
[13] [14] and refs within. In Ipd1-G94D, the impaired activity of the flavoenzyme Lpd1 itself
could contribute to the observed PD resistance. However, Lpdl seems a minor actor in PD
activity [5].



Resistance mutations in SDH1 and importance of the FAD binding domain

The succinate dehydrogenase SDH is composed of four subunits named Sdhl1-4 in yeast
(Fig.3A). Sdh1 forms the site of succinate oxidation and contains a covalently bound FAD.
Sdh2 binds three iron-sulphur clusters, while the membrane anchored subunits Sdh3 and Sdh4
form the ubiquinone reduction site and bind a heme b. Electrons are transferred from the
succinate oxidation site to FAD, then to the three iron-sulphur groups and finally to the
ubiquinone reduction site. The role of the heme b remains poorly understood (for a review, see
for instance [15]).

Of the eleven PD resistant mutants (Table 2), nine harboured mutations in SDH1 corresponding
to five different amino-acid substitutions, namely G64S, W112L, G249C, D266G and C431Y.
Residues G64, G249, D266 and C431 are located in the FAD binding domain (Fig.3B) and their
substitution is likely to affect FAD binding or properties, notably the replacement of D266 by
a glycine as the side-chain of D266 is H-bonded to FAD in the structure of the porcine SDH
[16]. W112 is outside the catalytic domain. The effect of its replacement by a leucine is more
difficult to predict, but it might affect the proper folding of Sdh1 and thus the correct binding
of FAD.

To pursue the analysis, we chose mutants D266G and G249C, presenting a strong and a
moderate phenotype, respectively. To confirm the effect of the mutations in SDH1 on both
respiratory growth and PD sensitivity, these two mutants were transformed with a plasmid
bearing the WT copy of SDH1 under the control of its own promoter. As expected, this led to
the restoration of a respiratory growth and sensitivity to PD similar to controls (Fig.3C and D).

To test the effect of the PD resistance mutations on SDH activity, we measured the succinate-
driven cytochrome c reductase activity in mitochondrial samples of WT and mutants (Fig.3E).
In that assay, we monitored the combined activity of SDH (succinate-ubiquinone
oxidoreductase) and complex Il (ubiquinol-cytochrome c oxidoreductase), as we followed the
rate of cytochrome c reduction. The activity of SDH being the limiting factor of the reaction
([17] and references within), a decrease in SDH activity would result in a lower cytochrome ¢
reduction rate. In the sdh1 mutants, cytochrome c reduction was indeed decreased by 70-85%
compared to control activity. In Ipd1-G94D, the rate was slightly reduced, while in lip2-G172V,
the rate was decreased by around 45 % compared to WT rate. The cause of this decrease was
not investigated further.

In the previous experiment, cytochrome ¢ could be reduced either by complex Il in a fully
functioning SHD/complex Il chain, or by reactive oxygen species produced by a
malfunctioning SDH, as cytochrome ¢ can be directly reduced by superoxide anion radicals
[18]. To distinguish between these two possibilities, we measured the rates of cytochrome c
reduction in the samples with fully inhibited complex 111 (i.e. after addition of 10 uM of the
complex 11 specific inhibitor atovaquone) over a 20 min time course (Fig.3F). As expected, in
WT extracts, the rate of cytochrome c reduction fell to 2% of the rate of untreated sample with
active complex I11. The same behaviour was observed in the lip2 and Ipd1 mutants. By contrast,
the rates were significantly higher in both sdhl mutants and increased with time, reaching 39%
(sdh1-D266G) and 14% (sdh1-G249C) of the untreated rate after 10 min reaction. These results
thus suggest that the mutated SDH produces superoxide anion radicals. As residues D266 and
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G249 are located near FAD, their substitutions might alter the properties of the flavin, resulting
in an increased level of flavosemiquinone intermediates that could react with oxygen producing
superoxide anion radicals. This hypothesis is coherent with several previous reports
demonstrating that (i) superoxide anion radicals are the major free radical species originating
from the FAD site of SDH [19] [20] (ii) flavosemiquinone can be detected in mammalian SDH
[21], and (iii) amino-acid substitutions in the vicinity of the FAD of the ferredoxin-NADP*
reductase modify the reduction potential of the flavin [22].

If alterations of SDH activity could cause PD resistance, it was intriguing that no mutation in
other subunits of the complex was found in our screen. To test whether mutations in other SDH
locations could also result in PD resistance, we constructed mutants harbouring mutations in
the ubiquinone-binding site and substitutions of the heme ligands.

Three previously studied mutations located in the ubiquinone binding site were chosen, namely
sdh4-Y120l, sdh4-D119N and sdh3-R97K. Residue sdh4-Y120 is required for ubiquinone
reduction and might have a role in the protonation of ubiquinone [23]. Mutations sdh4-D119N
and sdh3-R97K result in a decreased ubiquinone reduction activity and increased superoxide
anion radical production [24]. Sdh4-Y 120l presented a severe respiratory growth defect, as
observed with sdh1-D266G. Sdh3-R97K and sdh4-D119N presented a moderate growth defect
resembling that of sdh1-G249C. However, in contrast to the two sdhl mutants, the sdh3 and
sdh4 mutants remained sensitive to PD (Fig.3G and H). Thus, mutations in the SDH ubiquinone
binding site, causing growth defect and (as reported elsewhere) enzymatic activity defect, do
not result in PD resistance.

We then tested the effect of mutating the heme b ligands sdh3-H156 and sdh4-C109.
Replacements of these residues by an alanine caused a 80% decrease in heme content with little
or no effect on respiratory growth and SDH activity [25]. Even the double mutation H156A-
C109A resulting in the complete heme loss had only very weak effect [26], showing that the
heme is not required for yeast SDH. Of note, a later report even questioned the presence of a
heme in yeast SDH [27]. In agreement with published data, both sdh3-H156A and sdh4-C109A
mutants showed a moderately decreased respiratory growth, and again, they remained fully
sensitive to PD (Fig.3G and H).

In conclusion, we identified, through a selection screen, several mutations in Sdh1 conferring
PD resistance, mostly in the FAD binding domain, and we observed that PD sensitivity was not
decreased in other mutants with defect in another catalytic domain. This fact points toward a
key role of Sdh1l and its FAD co-factor in PD sensitivity.

We then addressed the role of SDH in PD activity and first checked whether SDH could play
the same role as NDHSs and be involved in the redox-cycling of PD metabolites.

Plasmodione metabolites, as subversive substrates of SD

As previously reported, PD metabolites PDO and PD-bzol can act as subversive substrates of
flavoproteins and initiate a redox-cycling process producing superoxide anion radicals [1]. In
yeast, NDHs appear to be the major redox-cycling enzymes responsible for PD activity [5]. We
previously hypothesized that PDO and PD-bzol interact with NDHs in a manner similar to
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Figure 3. Characterisation of Sdh1 mutations

A) Structure of SDH, formed by four subunits. Sdhl (green) covalently binds the FAD co-factor (blue) and forms
the succinate oxidation site; Sdh2 (purple) binds the iron-sulphur clusters; The membrane-anchored subunits Sdh3
and Sdh4 (blue and yellow) bind a heme b (in red) and form the ubiquinone-binding site. B) Location of the PD
resistance mutations in the FAD binding pocket of Sdh1. The figures were drawn using PDB: 1ZPO and 2H88.

C, D) Restoration of respiratory growth competence and PD sensitivity in sdhl mutants. WT (white) and sdhl
mutants (black and grey), without (-) and with (+) plasmid-borne wt copies of SDH1 (pSDH1) were grown in
respiratory medium (YPEth) for three days. ODegoonm Were then monitored. C) ODgoonm reached in absence of PD;

D) Growth yield in medium supplemented with 8 uM PD. Data are presented, for each strain, as % of ODggonm
reached in absence of PD.

E,F) SDH activity in control and PD resistant mutants. Succinate driven-cytochrome c reductase activities were
measured by monitoring the reduction of cytochrome c at 550-540 nm. Mitochondria were added at around 120
ug protein mL1. The reaction was initiated by the addition of 5 mM succinate. E) Cytochrome ¢ reduction rates
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resulting from SDH and complex I11 combined activities. F) Cytochrome c reduction rates independent of complex
I11 activity (in presence of 10 uM atovaquone that fully inhibits complex I1), presented as % of control rates (with
active complex 111, as in E). White, initial rates; black, rates after 10 min reaction. The measurements were repeated
at least twice and the data averaged. Error bars represent standard deviation.

G,H) Effect of Sdh3 and Sdh4 mutations on respiratory growth and PD sensitivity. WT and mutants were grown
in YPEth medium (G) without and (H) with 6 uM PD. Cell density (ODgoonm) Were measured after three days
culture. H) The data are presented as % of ODgoonm Of WT. F) For each strain, the data are presented as percentage
of the ODsoonm Of the untreated culture. The experiments were repeated at least twice and the data averaged. Error
bars represent standard deviation. FAD, Q and heme indicate mutations of the FAD-site, the ubiquinone binding-
site and of the heme ligands.

menadione whose binding in the ubiquinone site was modelled in silico [28]. Once in that site,
the compounds could be reduced via one or two electron transfer from the NADH-reduced
FAD, and then react with and transfer electrons to O, producing superoxide anion radicals.

To investigate whether PDO could also enter in a redox cycle with SDH, we monitored the rates
of succinate-driven cytochrome c reduction using mitochondrial sample of the WT strain, as
done in Fig.3E and 3F, and compared them to the rates NADH-driven activity.

First, we observed that the control rate of NADH-driven activity (i.e. the rate of cytochrome ¢
reduction with a fully active complex I11) was seven-fold higher than that of succinate-driven
activity (Fig.4A). As expected, addition of atovaquone, an antimalarial compound blocking
complex 1I, fully inhibited both NADH- and succinate-driven activities (Fig.4B and C).
Addition of PDO to the atovaguone treated samples initiated cytochrome ¢ reduction by both
succinate and NADH, however with dramatically different rates. In the NADH-driven reaction,
after addition of 5 and 50 uM PDO, the rates reached 100% and 250% of the control rate,
respectively (Fig.4B). By contrast, after addition of 5 and 50 uM PDO, the succinate-driven
rates reached 10% and 20% of the control rate (Fig.4C). Thus, SDH appears ten-fold less active
than NDH in catalysing the PDO-driven cytochrome c reduction reaction. Furthermore,
addition of SOD and catalase in both NADH- and succinate-driven reactions resulted in a more
than two-fold decrease of the PDO-caused cytochrome ¢ reduction. We propose that PDO can
be reduced by SDH, as by NDH, although in a less efficient way. The PDO-radicals thus
generated can then react with Oz producing superoxide anion radicals, which in turn can reduce
cytochrome c. Addition of SOD and catalase, lowering superoxide level, decrease cytochrome
c reduction rate.

Of note, addition of 50 uM of the parental drug PD did not initiate cytochrome c reduction (data
not shown), suggesting that PD itself cannot enter in a redox cycle with SDH, which is in
agreement with our previous data showing that PD is a poor substrate of NDH and does not
initiate superoxide anion radicals production [5].

As a control, we also tested the effect of PD and PDO on the succinate-driven cytochrome ¢
reductase activity in the absence of atovaquone, i.e. when complex Il is functional. A 25-30
% decrease in the reaction rate was observed at 50 uM PD or PDO (data not shown), indicating
that the compounds could interfere with the enzyme activity. However a maximum of 50%
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decrease was reached at 90 uM PD and higher doses of PD did not inhibit further the reaction.
It is thus clear that PD-induced respiratory growth inhibition is not caused by the inhibition of
SDH by PD.
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Figure 4. Effect of PD metabolites PDO on SDH and NDH activities.

NADH- and succinate-cytochrome ¢ reductase activities were measured by monitoring the rates of cytochrome c
reduction at 550-540 nm. Mitochondria were added at around 75 pg protein mL-! for the succinate- cytochrome ¢
reduction assays and around 25 pg protein mL for the NADH-cytochrome ¢ reduction assays. The reactions were
initiated by the addition 0.8 mM NADH or 5 mM succinate. The measurements were repeated at least twice and
the data averaged. Error bars represent standard deviation. A) Control rates recorded after addition of NADH
(black) or succinate (grey). B) NADH- C) succinate-cytochrome c reduction rates expressed as % of control rates
(shown in A) and recorded addition of (2) 10 uM atovaquone (ATV); (3) 5 uM PDO and ATV; (4) 50 uM PDO
and ATV; (5) 50 uM PDO and ATV with superoxide dismutase and catalase both at 300 U mL™ (SOD, CAT).

Taken together, our data indicate that SDH could catalyse PDO reduction and redox cycling,
leading to superoxide anion radical production, however to a much lower level than NDHs.

If we assumed that SDH plays the same role as NDH in PD mode of action, it would be difficult

to conciliate SDH comparatively low redox cycling activity with PD metabolites and the
observed PD resistance of the sdhl mutants.

Role of SDH-bound FAD in PD bioactivation

Should NDH and SDH play the same role, i.e. enter in a redox cycle with PD metabolites,
leading to superoxide anion radical production and growth arrest, we reasoned that increasing
NDH activity by overexpressing NDE2 in sdh1 mutants should restore PD sensitivity.
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While the overexpression of NDE2 in WT increased the sensitivity to PD (as previously shown
[5]), it completely failed to do so in sdh1-D266G (Fig.5A), further indicating a different role
for SDH and NDHs.

In addition, while the resistance of sdh1-D266G to PD was more pronounced than that of Andel
(Fig.5B), this resistance profile was fully inverted upon exposure to PD-bzol (Fig.5C). (In these
growth assays, we used PD-bzol instead of PDO, as the WT AD1-9 yeast strain was insensitive
to the compound in accordance with its low activity on parasitized red blood cells, presumably
because it cannot easily penetrate into cells [1]). Andel was more resistant to PD-bzol, whereas
sdh1 mutant was more sensitive than WT.

The resistance of Andel to both PD and PD-bzol is easily explained by the decreased activity
of PDO/PD-bzol redox-cycling NDH. The same profile of resistance to both PD and PD-bzol
was also observed with the lip2 mutant (data not shown), supporting our suggestion that its
resistance would result from a decreased activity of the NADH-dependent flavoenzymes, such
as NDHs.

By contrast, in sdh1-D266G, the PD-bzol redox-cycling activity was not affected as the mutant
was sensitive to PD-bzol. But the process of PDO/PD-bzol generation from PD is likely to be
impaired, which causes the resistance to PD. The increased PD-bzol sensitivity of the sdhl
mutant, compared to WT could be due to the overproduction of superoxide anion radicals by
the malfunctioning SDH (see Fig.3F), which would add to the superoxide anion radicals
produced by PD-bzol reacting with flavoenzymes and exacerbate the redox stress. Also, if the
Sdhlsubstitution increases the level of FAD semiquinone and superoxide anion radicals,
benzylic oxidation of PD-bzol to PDO could be favoured, which might render cells more
sensitive to the added PD-bzol.

In conclusion, our data demonstrate that SDH and NDH do not play the same role in PD mode
of action, that PD resistance in sdh1-D266G mutant cannot be explained by the decrease of
SDH-driven PDO/PD-bzol-reducing activity, and that SDH likely acts upstream of PD-
bzol/PDO. We propose that SDH may be essential to produce PD redox-active metabolites,
such as PD-bzol/PDO, that could then enter into a damaging redox-cycle with other
flavoenzymes such as NDHs (and possibly Lpdl and GIrl), producing superoxide anion
radicals and leading to growth arrest. SDH contribution to redox-cycling, albeit possible, would
be limited.

Furthermore, the key role of SDH in PD bioactivation is likely to be mediated by its bound
FAD, as indicated by the analysis of the SDH mutants. Interestingly, in SDH, the flavin co-
factor is covalently bound to the protein, contrarily to NDH. The covalent linkage increases the
redox potential of the bound co-factor to permit succinate oxidation (see [29] [15] and refs
within). In yeast, the substitution of the FAD ligand H90 results in an assembled enzyme
lacking succinate oxidation activity but retaining the fumarate reductase activity, i.e. the reverse
reaction [30]. The FAD reduction potential in yeast NDH is around -370 mV [31] while it is -
79 mV in the mammalian SDH [16]. Furthermore, in SDH, FAD transfers the electrons from a
two-electron donor, succinate, to a one-electron acceptor, the first iron-sulphur group. By
contrast, NDH mediates electron transfer from a two-electron donor (NADH) to a two-electron
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acceptor (quinone), without involving semi-reduced flavin [31](see [32] for a review on flavin
electron transfer). These features of SDH flavin co-factor may be important for its role in PD
bioactivation.
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Figure 5. Effect of SDH1 mutation and NDH gene dosage on growth sensitivity to PD and PD-
bzol. WT and mutants were grown in YPEth medium with increasing concentrations of drugs. Cell density
(ODsoonm) Were measured after three days culture. For each strain, the data are presented as percentage of the
ODsoonm Of the untreated culture. The experiments were repeated at least twice and the data averaged. Error bars
represent standard deviation. A) Effect of increased NDH level on PD sensitivity of WT and sdh1-D266G (sdhl).
WT (blue) and sdhl (red) (straight lines) compared to WT and sdh1 transformed with a multicopy plasmid bearing
NDE2 (pNDEZ2) (dotted lines); B and C) Effect of SDH and NDH decreased level on PD and PD-bzol sensitivity.
WT (blue); mutant Andel (black); mutant sdh1-D266G (red).

The transformation of the pro-drug PD in the active metabolite PDO, possibly via the PD-bzol
intermediate requires benzylic oxidation that could be catalysed by free hemes and/or protein-
bound hemes. It was hypothesized that the benzylic oxidation would be preceded by a reduction
of PD catalysed by a NAD(P)H-dependent flavoenzyme (see Fig. 2 in [1]). A possible role for
SDH-bound FAD in that process could thus be envisioned. However, a direct reduction of PD
by FAD seems unlikely.

More work is needed to uncover PD bioactivation mechanism and the possible site of reaction
of PD in SDH. To this end, the design and synthesis of several fluorine-based chemical tools
as mechanism-based inhibitors are in progress, which would be used on PD-sensitive and -
resistant yeasts. In addition, attempts are being made to develop biomimeting conditions for the
transformation of PD into PDO and/or PD-bzol, under a cascade of redox reactions producing
superoxide anion radicals or under enzyme catalysis

Plasmodium SDH
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The transformation of PD into its active metabolites is crucial for its activity. Uncovering the
actors involved in that transformation is key to deciphering PD mode of action. Our data
obtained with the yeast model point towards an important role for SDH in PD bioactivation. Is
this finding relevant to PD mode of action in malaria parasites? Plasmodium possesses a SDH
that is dispensable in asexual blood stages but required for sexual stages [33] [34], as also
observed for the parasite NADH dehydrogenase (NDH2) [35] [36]. Plasmodium SDHa is the
homolog of yeast flavoprotein Sdh1. As NDH2, it is expressed at very low levels at the ring and
early trophozoite stages, and at higher levels in late trophozoites and schizonts as well as during
gametocytogenesis [37] [38]. At the protein level, it is more readily identified in gametocytes,
and especially in late gametocyte stages, than in asexual stages [39] [40]. This reflects the
importance of the Krebs cycle during parasite development, where its activity is dispensable in
asexual stages but its inhibition during gametocytogenesis results in growth arrest and cell death
[41].

As for NDH2, SDHa expression pattern is not fully coherent with the stage specificity of
plasmodione that is more effective on early rings and gametocytes. Still, low level of the
enzyme might be sufficient to catalyse PD bioactivation and generate the active metabolites.
Alternatively, other Plasmodium enzymes might play the role of SDH in PD biotransformation.
The identification of the mechanism and actors of PD bioactivation and mode of action in the
parasite will be aided by the results obtained in the yeast model.

Acknowledgements

We acknowledge the High-throughput sequencing facility of 12BC for its sequencing and
bioinformatics expertise. The work was supported by the French National Research Agency
(ANR) (PlasmoPrim project to B.M, E.D.-C., M-P.G-C. and S.A.B.) and by the Laboratoire
d’Excellence ParaFrap (ANR-11-LABX-0024 to E. D.-C. and S.A.B.).

References

[1]  T. Mdller, L. Johann, B. Jannack, M. Bruckner, D.A. Lanfranchi, H. Bauer, C.
Sanchez, V. Yardley, C. Deregnaucourt, J. Schrével, M. Lanzer, R.H. Schirmer, E.
Davioud-Charvet, Glutathione reductase-catalyzed cascade of redox reactions to
bioactivate potent antimalarial 1,4-naphthoquinones - A new strategy to combat
malarial parasites, J. Am. Chem. Soc. 133 (2011) 11557-11571.
doi:10.1021/ja201729z.

[2] K. Ehrhardt, C. Deregnaucourt, A.A. Goetz, T. Tzanova, V. Gallo, P. Arese, B.
Pradines, S.H. Adjalley, D. Bagrel, S. Blandin, M. Lanzer, E. Davioud-Charvet, The
redox cycler plasmodione is a fast-acting antimalarial lead compound with pronounced
activity against sexual and early asexual blood-stage parasites, Antimicrob. Agents
Chemother. 60 (2016) 5146-5158. doi:10.1128/AAC.02975-15.

[3] M. Bielitza, D. Belorgey, K. Ehrhardt, L. Johann, D.A. Lanfranchi, V. Gallo, E.
Schwarzer, F. Mohring, E. Jortzik, D.L. Williams, K. Becker, P. Arese, M. Elhabiri, E.
Davioud-Charvet, Antimalarial NADPH-consuming redox-cyclers as superior glucose-

16



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

6-Phosphate dehydrogenase deficiency copycats, Antioxid. Redox Signal. 22 (2015)
1337-1351. doi:10.1089/ars.2014.6047.

L. Feng, D.A. Lanfranchi, L. Cotos, E. Cesar-Rodo, K. Ehrhardt, A.-A. Goetz, H.
Zimmermann, F. Fenaille, S.A. Blandin, E. Davioud-Charvet, Synthesis of
plasmodione metabolites and 3 C-enriched plasmodione as chemical tools for drug
metabolism investigation, Org. Biomol. Chem. 16 (2018) 2647-2665.
doi:10.1039/C80B00227D.

P. Mounkoro, T. Michel, S. Blandin, M.P. Golinelli-Cohen, E. Davioud-Charvet, B.
Meunier, Investigating the mode of action of the redox-active antimalarial drug
plasmodione using the yeast model, Free Radic. Biol. Med. 141 (2019) 269-278.
doi:10.1016/j.freeradbiomed.2019.06.026.

C. Lemaire, G. Dujardin, Preparation of respiratory chain complexes from
Saccharomyces cerevisiae wild-type and mutant mitochondria: activity measurement
and subunit composition analysis, Methods Mol Biol 432: 65-81, Methods Mol Biol.
432 (2008) 65-81.

R.A. Vaubel, P. Rustin, G. Isaya, Mutations in the dimer interface of dihydrolipoamide
dehydrogenase promote site-specific oxidative damages in yeast and human cells, J.
Biol. Chem. 286 (2011) 40232-40245. doi:10.1074/jbc.M111.274415.

M.S. Schonauer, A.J. Kastaniotis, V.A.S. Kursu, J.K. Hiltunen, C.L. Dieckmann,
Lipoic acid synthesis and attachment in yeast mitochondria, J. Biol. Chem. 284 (2009)
23234-23242. d0i:10.1074/jbc.M109.015594.

M.E. Marvin, P.H. Williams, A.M. Cashmore, The isolation and characterisation of a
Saccharomyces cerevisiae gene (LIP2) involved in the attachment of lipoic acid groups
to mitochondrial enzymes, FEMS Microbiol. Lett. 199 (2001) 131-136.
doi:10.1016/S0378-1097(01)00170-7.

Q. Ma, X. Zhao, A.N. Eddine, A. Geerlof, X. Li, J.E. Cronan, S.H.E. Kaufmann, M.
Wilmanns, The Mycobacterium tuberculosis LipB enzyme functions as a
cysteine/lysine dyad acyltransferase, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 8662—
8667. doi:10.1073/pnas.0510436103.

J. Storm, Lipoic acid metabolism of Plasmodium - A Suitable drug target, Curr. Pharm.
Des. (2012) 3480-3489. d0i:10.2174/138161212801327266.

S. Goncalves, V. Paupe, E.P. Dassa, J.J. Briére, J. Favier, A.P. Gimenez-Roqueplo, P.
Beénit, P. Rustin, Rapid determination of tricarboxylic acid cycle enzyme activities in
biological samples, BMC Biochem. 11 (2010). do0i:10.1186/1471-2091-11-5.

L. Tretter, V. Adam-Vizi, Inhibition of krebs cycle enzymes by hydrogen peroxide: A
key role of a-ketoglutarate dehydrogenase in limiting NADH production under
oxidative stress, J. Neurosci. 20 (2000) 8972-8979. doi:10.1523/jneurosci.20-24-
08972.2000.

L. Tretter, V. Adam-vizi, Alpha-ketoglutarate dehydrogenase : a target and generator of
oxidative stress, Philos. Trans. R. Soc. Lond. B. Biol. Sci. 360 (2005) 2335-2345.
doi:10.1098/rstb.2005.1764.

G. Cecchini, Function and structure of complex Il of the respiratory chain, Annu. Rev.
Biochem. 72 (2003) 77-109. doi:10.1146/annurev.biochem.72.121801.161700.

17



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

F. Sun, X. Huo, Y. Zhai, A. Wang, J. Xu, D. Su, M. Bartlam, Z. Rao, Crystal structure
of mitochondrial respiratory membrane protein complex I1, Cell. 121 (2005) 1043-57.
doi:10.1016/j.cell.2005.05.025.

G. Brasseur, D. Lemesle-Meunier, F. Reinaud, B. Meunier, Q, site deficiency can be
compensated by extragenic mutations in the hinge region of the iron-sulfur protein in
the bcl complex of Saccharomyces cerevisiae, J. Biol. Chem. 279 (2004) 24203-11.
doi:10.1074/jbc.M311576200.

J. Butler, W.H. Koppenol, E. Margoliash, Kinetics and mechanism of the reduction of
ferricytochrome c by the superoxide anion, J. Biol. Chem. 257 (1982) 10747-10750.

K.R. Messner, J.A. Imlay, Mechanism of superoxide and hydrogen peroxide formation
by fumarate reductase, succinate dehydrogenase, and aspartate oxidase, J. Biol. Chem.
277 (2002) 42563-42571. doi:10.1074/jbc.M204958200.

N. Manhas, Q. V Duong, P. Lee, J.D. Richardson, J.D. Robertson, M.A. Moxley, J.N.
Bazil, Computationally modeling mammalian succinate dehydrogenase kinetics
identifies the origins and primary determinants of ROS production, J Biol.Chem.
(2020). doi:10.1074/jbc.RA120.014483.

C. Léger, K. Heffron, H.R. Pershad, E. Maklashina, C. Luna-Chavez, G. Cecchini,
B.A.C. Ackrell, F.A. Armstrong, Enzyme electrokinetics: energetics of succinate
oxidation by fumarate reductase and succinate dehydrogenase, Biochemistry. 40 (2001)
11234-11245. doi:10.1021/bi010889b.

M. Faro, C. Gdmez-Moreno, M. Stankovich, M. Medina, Role of critical charged
residues in reduction potential modulation of ferredoxin-NADP+ reductase: differential
stabilization of FAD redox forms, Eur. J. Biochem. 269 (2002) 2656—-2661.
doi:10.1046/j.1432-1033.2002.02925.x.

Y. Silkin, K.S. Oyedotun, B.D. Lemire, The role of Sdh4p Tyr-89 in ubiquinone
reduction by the Saccharomyces cerevisiae succinate dehydrogenase, Biochim.
Biophys. Acta - Bioenerg. 1767 (2007) 143-150. doi:10.1016/j.bbabio.2006.11.017.

S.S.W. Szeto, S.N. Reinke, B.D. Sykes, B.D. Lemire, Ubiquinone-binding site
mutations in the Saccharomyces cerevisiae succinate dehydrogenase generate
superoxide and lead to the accumulation of succinate, J. Biol. Chem. 282 (2007)
27518-27526. doi:10.1074/jbc.M700601200.

K.S. Oyedotun, P.F. Yau, B.D. Lemire, Identification of the Heme Axial Ligands in the
cytochrome b562 of the Saccharomyces cerevisiae succinate dehydrogenase, J. Biol.
Chem. 279 (2004) 9432-9439. d0i:10.1074/jbc.M311877200.

K.S. Oyedotun, C.S. Sit, B.D. Lemire, The Saccharomyces cerevisiae succinate
dehydrogenase does not require heme for ubiquinone reduction, Biochim. Biophys.
Acta - Bioenerg. 1767 (2007) 1436-1445. doi:10.1016/j.bbabio.2007.09.008.

E. Maklashina, S. Rajagukguk, W.S. Mclntire, G. Cecchini, Mutation of the heme axial
ligand of Escherichia coli succinate-quinone reductase: Implications for heme ligation
in mitochondrial complex Il from yeast, Biochim. Biophys. Acta - Bioenerg. 1797
(2010) 747-754. doi:10.1016/j.bbabio.2010.01.019.

J.N. Blaza, H.R. Bridges, D. Aragéo, E.A. Dunn, A. Heikal, G.M. Cook, Y. Nakatani,
J. Hirst, The mechanism of catalysis by type-1Il NADH:quinone oxidoreductases, Sci.

18



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Rep. 7 (2017) 40165. doi:10.1038/srep40165.

P.R. Rich, A. Maréchal, The mitochondrial respiratory chain, Essays Biochem. 47
(2010) 1-23. doi:10.1042/BSE0470001.

K.M. Robinson, R.A. Rothery, J.H. Weiner, B.D. Lemire, The covalent attachment of
FAD to the flavoprotein of Saccharomyces cerevisiae succinate dehydrogenase is not
necessary for import and assembly into mitochondria, Eur. J. Biochem. 222 (1994)
983-990. d0i:10.1111/j.1432-1033.1994.tb18949 x.

S. de Vries, L. Grivell, Purification and characterization of a rotenone-insensitive
NADH:Q6 oxidoreductase from mitochondria of Saccharomyces cerevisiae,
Eur.J.Biochem. 176 (1988) 377-385.

F. Baymann, B. Schoepp-Cothenet, S. Duval, M. Guiral, M. Brugna, C. Baffert, M.J.
Russell, W. Nitschke, On the natural history of flavin-based electron bifurcation, Front.
Microbiol. 9 (2018). doi:10.3389/fmich.2018.01357.

H. Ke, ILA. Lewis, M. Llina, H. Ke, .A. Lewis, J.M. Morrisey, K.J. Mclean, S.M.
Ganesan, H.J. Painter, M.W. Mather, M. Jacobs-Lorena, M. Llinas, A.B. Vaidya,
Genetic investigation of tricarboxylic acid metabolism during the Plasmodium
falciparum life life Cycle, Cell Rep. 11 (2015) 164-174.
doi:10.1016/j.celrep.2015.03.011.

A. Hino, M. Hirai, T.Q. Tanaka, Y. Watanabe, H. Matsuoka, K. Kita, Critical roles of
the mitochondrial complex Il in oocyst formation of rodent malaria parasite
Plasmodium berghei, J. Biochem. 152 (2012) 259-68. doi:10.1093/jb/mvs058.

H. Ke, S.M. Ganesan, S. Dass, J.M. Morrisey, S. Pou, A. Nilsen, M.K. Riscoe, M.W.
Mather, A.B. Vaidya, Mitochondrial type Il NADH dehydrogenase of Plasmodium
falciparum (PfNDH2) is dispensable in the asexual blood stages, PLoS One. 14 (2019)
1-16. doi:10.1371/journal.pone.0214023.

K.E. Boysen, K. Matuschewski, Arrested oocyst maturation in Plasmodium parasites
lacking type 11 NADH:ubiquinone dehydrogenase, J. Biol. Chem. 286 (2011) 32661—
71. doi:10.1074/jbc.M111.269399.

T.D. Otto, D. Wilinski, S. Assefa, T.M. Keane, L.R. Sarry, U. Béhme, J. Lemieux, B.
Barrell, A. Pain, M. Berriman, C. Newbold, M. Llinas, New insights into the blood-
stage transcriptome of Plasmodium falciparum using RNA-Seq, Mol. Microbiol. 76
(2010) 12-24. d0i:10.1111/j.1365-2958.2009.07026.X.

M.J. Lépez-Barragan, J. Lemieux, M. Quifiones, K.C. Williamson, A. Molina-Cruz, K.
Cui, C. Barillas-Mury, K. Zhao, X. zhuan Su, Directional gene expression and
antisense transcripts in sexual and asexual stages of Plasmodium falciparum, BMC
Genomics. 12 (2011) 587. doi:10.1186/1471-2164-12-587.

L. Florens, M.P. Washburn, J.D. Raine, R.M. Anthony, M. Grainger, J.D. Haynes, J.K.
Moch, N. Muster, J.B. Sacci, D.L. Tabb, A.A. Witney, D. Wolters, Y. Wu, M.J.
Gardner, A.A. Holder, R.E. Sinden, J.R. Yates, D.J. Carucci, A proteomic view of the
Plasmodium falciparum life cycle, Nature. 419 (2002) 520-526.
doi:10.1038/nature01107.

F. Silvestrini, E. Lasonder, A. Olivieri, G. Camarda, B. Van Schaijk, M. Sanchez, S.Y.
Younis, R. Sauerwein, P. Alano, Protein export marks the early phase of

19



[41]

gametocytogenesis of the human malaria parasite Plasmodium falciparum, Mol. Cell.
Proteomics. 9 (2010) 1437-1448. doi:10.1074/mcp.M900479-MCP200.

J.I. MacRae, M.W. Dixon, M.K. Dearnley, H.H. Chua, J.M. Chambers, S. Kenny, I.
Bottova, L. Tilley, M.J. McConville, Mitochondrial metabolism of sexual and asexual
blood stages of the malaria parasite Plasmodium falciparum, BMC Biol. 11 (2013) 67.
doi:10.1186/1741-7007-11-67.

20



