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Background: Cytochrome b mutations confer atovaquone resistance, resulting in antimalarial drug failures.
Results: Mutation Y268S reduces bc, catalytic turnover and stability.
Conclusion: Reduction of catalytic turnover and iron-sulfur protein content in parasite Y268S bc, confers a fitness cost. These

results were not predicted using yeast models.

Significance: Data will aid novel b¢; inhibitor design and inform epidemiological studies of atovaquone resistance.

Atovaquone is an anti-malarial drug used in combination
with proguanil (e.g. Malarone™) for the curative and prophy-
lactic treatment of malaria. Atovaquone, a 2-hydroxynaph-
thoquinone, is a competitive inhibitor of the quinol oxidation
(Q,) site of the mitochondrial cytochrome bc, complex. Inhi-
bition of this enzyme results in the collapse of the mitochon-
drial membrane potential, disruption of pyrimidine bio-
synthesis, and subsequent parasite death. Resistance to
atovaquone in the field is associated with point mutations in
the Q, pocket of cytochrome b, most notably near the con-
served Pro*®’-Glu**'-Trp?°2-Tyr?** (PEWY) region in the ef
loop). The effect of this mutation has been extensively stud-
ied in model organisms but hitherto not in the parasite itself.
Here, we have performed a molecular and biochemical
characterization of an atovaquone-resistant field isolate,
TM902CB. Molecular analysis of this strain reveals the pres-
ence of the Y268S mutation in cytochrome b. The Y268S
mutation is shown to confer a 270-fold shift of the inhibitory
constant (K;) for atovaquone with a concomitant reduction in
the V.. of the bc; complex of ~40% and a 3-fold increase in
the observed K, for decylubiquinol. Western blotting analy-
ses reveal a reduced iron-sulfur protein content in Y268S bc,
suggestive of a weakened interaction between this subunit
and cytochrome b. Gene expression analysis of the TM902CB
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strain reveals higher levels of expression, compared with the
3D7 (atovaquone-sensitive) control strain in bc, and cyto-
chrome c oxidase genes. It is hypothesized that the observed
differential expression of these and other key genes offsets
the fitness cost resulting from reduced bc, activity.

Atovaquone is a potent and effective antimalarial drug when
used as a fixed dose combination with proguanil (Malarone™),
either for treating children and adults with uncomplicated Plas-
modium falciparum malaria (1, 2) or as a chemoprophylaxis for
preventing malaria in travelers (3).

Atovaquone, a hydroxynapthoquinone, is a competitive
inhibitor of ubiquinone, specifically inhibiting Plasmodium
mitochondrial bc; activity (4). The loss of bc, activity results in
aloss of mitochondrial function as evidenced by the collapse of
the transmembrane electrochemical potential (5, 6). It is
believed that in asexual parasites, one of the essential functions
of the mitochondrion is to provide orotate for pyrimidine bio-
synthesis through the activity of dihydroorotate dehydrogenase
(DHODH). Consistent with this, inhibition of the bc, complex
by atovaquone results in an increase in carbamoyl-aspartate
and a reduction in UTP, CTP, and dTTP (7, 8). A link between
mitochondrial function and pyrimidine biosynthesis is fur-
ther supported by the generation of an atovaquone-resistant
phenotype in transgenic P. falciparum parasites expressing
ubiquinone-independent yeast DHODH (2). Atovaquone
has also recently been shown to affect the conversion of
fumarate to aspartate, further linking mitochondrial func-
tion with pyrimidine biosynthesis and also possibly purine
metabolism (9).

At the structural level, details of atovaquone binding to cyto-
chrome b are based on studies performed on model organisms
and molecular modeling because a crystal structure of the P.
falciparum cytochrome bc, complex is not available. This not-
withstanding, EPR spectroscopy of the Rieske [2Fe-2S] cluster,
site-directed mutagenesis of model organism cytochrome b,
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and gene sequencing of atovaquone-resistant Plasmodium spe-
cies demonstrate that atovaquone is most likely a competitive
inhibitor of the parasite’s cytochrome b quinone oxidation
(Q,)° site (reviewed in Refs. 10 and 11).

Atovaquone-resistant isolates of P. falciparum have been
described following atovaquone or Malarone™™ treatment fail-
ures. In these parasite lines, atovaquone drug failure is associ-
ated with a mis-sense point mutation at position 268 in cyto-
chrome b, exchanging tyrosine for serine (Y268S) or, less
frequently, asparagine (Y268N) (12—-17). The resultant atova-
quone-resistant growth IC., phenotype of these mutants is
some 1000-fold higher than sensitive strains.

Position 268 in cytochrome b is highly conserved across all
phyla. It is located within the “ef” helix component of the Q,
site, and it is likely that the side chain of this residue participates
in a stabilizing hydrophobic interaction with bound ubiquinol.
Similarly, molecular modeling indicates a stabilizing interac-
tion of Tyr*®® in the binding of atovaquone to yeast cytochrome
b (10). In yeast, the introduction of the Y268S mutation (Y279S)
results in an increase in IC,, for atovaquone inhibition of bc;
enzymatic activity from 60 nm to >4000 nm (18). However, this
is accompanied by a 70% reduction in bc; turnover, with EPR
analysis showing an alteration of the ISP signal, indicative of a
perturbation of the Q_ site (18, 19).

To date there are no data available concerning the effect of
the atovaquone resistance mutation on the parasite bc; enzyme.
Plasmodium cytochrome b shares a high degree of sequence
and structural conservation with mammalian and yeast cyto-
chrome b; however, there are notable differences in key regions
of the malaria parasite Q, site. These include a four-residue
deletion in the cd2 helix, which is based on a homology model of
the P. falciparum cytochrome b (constructed using bovine
cytochrome b atomic coordinates as the structural template
(20)) and results in a 13 A displacement of this structural ele-
ment compared with the mammalian enzyme (20). Likewise,
the a-carbon atom of the N-terminal proline of the ef helix
(containing the catalytically essential PEWY motif) is predicted
to be displaced by 2 A compared with the mammalian enzyme.
The differences in Plasmodium cytochrome b compared with
yeast or mammalian cytochrome b are manifested by the
varying degrees of susceptibility to Q, site inhibitors, e.g
WR249685 is active at 3 nM against P. falciparum bc, compared
with >13,800 nm for bovine bc; and >5600 nm for yeast bc,
(20). The described differences between model organism bc,
and parasite bc, therefore highlight the need to study this
enzyme complex from parasite-derived preparations.

In this study we have investigated the effect of mutation of
the conserved tyrosine 268 on the enzymatic turnover and sta-
bility of P. falciparum bc,. In addition, we report the expression
profile of energy metabolism genes from atovaquone-sensitive
and -resistant parasites and discuss these data in the context of
the structure and function of the enzyme and with regard to the
possible metabolic adaptations that accommodate mutations in
bc,.

® The abbreviations used are: Q,, quinol oxidation; DHODH, dihydroorotate
dehydrogenase; ISP, iron-sulfur protein; Cyt, cytochrome.
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EXPERIMENTAL PROCEDURES

Parasites, Culture, and Drug Sensitivity Testing—Plasmo-
dium falciparum (3D7 strain) cultures consisted of a 2% (v/v)
suspension of O+ erythrocytes in RPMI 1640 medium (R8758,
glutamine, and NaHCO,) supplemented with 10% pooled
human AB+ serum, 25 mm HEPES (pH 7.4), and 20 um gen-
tamicin sulfate (21). The cultures were grown under a gaseous
headspace of (in v/v) 4% O,, 3% CO, in N, at 37 °C. Parasite
growth was synchronized by treatment with sorbitol (22).

Drug susceptibilities were assessed by the measurement of
fluorescence after the addition of SYBR Green I as described in
Ref. 23. Drug IC,, values were calculated from the log of the
dose/response relationship, as fitted with Grafit software
(Erithacus Software, Kent, UK). The results are given as the
means of at least three separate experiments.

The atovaquone-resistant TM90C2B was generously pro-
vided by Prof. Dennis Kyle (College of Public Health, University
of South Florida, Tampa, FL) and was first isolated during a
clinical phase 2 study to determine atovaquone efficacy in Thai-
land (24).

Transgenic Parasites—3D7-yDHODH-GFP, a transgenic
derivative of P. falciparum 3D7 containing yeast dihydrooro-
tate dihydrogenase, was generated through electroporation of
purified pHHyDHOD-GFP plasmid into ring stages of P. falcip-
arum using a Bio-Rad GenePulser following the method of
Painter et al. (2). Purified pHHyDHOD-GFP plasmid was gen-
erously provided by Prof. Akhil Vaidya (Drexel University Col-
lege of Medicine, Philadelphia, PA). This plasmid contains a
human dihydrofolate reductase gene as a WR99210-selectable
marker (2).

Preparation of P. falciparum Cell-free Extracts—Free para-
sites were prepared from aliquots of infected erythrocytes
(~8 X 10? cells ml ') by adding 5 volumes of 0.15% (w/v) sap-
onin in phosphate-buffered saline (137 mm NaCl, 2.7 mm KCl,
1.76 mm K,HPO,, 8.0 mm Na,HPO,, 5.5 mMm D-glucose, pH 7.4)
for 5 min, followed by three washes by centrifugation and resus-
pension in HEPES (25 mm)-buffered RPMI containing a prote-
ase inhibitor mixture (Complete Mini; Roche Applied Science).
Cell extract was prepared by repeated freeze-thawing in liquid
N,, followed by disruption with a sonicating probe.

Preparation of Bovine Crude Mitochondrial Membranes—
Bovine mitochondrial membranes (Keilin-Hartree particles)
were prepared as described by Kuboyama et al. (25).

Preparation of Decylubiquinol—The artificial quinol elec-
tron donor was prepared based on our previously described
method (26). Briefly, 2,3-dimethoxy-5-methyl-n-decyl-1,4-
benzoquinone (decylubiquinone), an analog of ubiquinone
(Sigma), was dissolved (10 mg) in 400 ul of nitrogen-saturated
hexane. An equal volume of aqueous 1.15 M sodium dithionite
was added, and the mixture was shaken vigorously until color-
less. The upper, organic phase was collected, and the decylu-
biquinol recovered by evaporating off the hexane under N,. The
decylubiquinol was dissolved in 100 ul of 96% ethanol (acidified
with 10 mm HCI) and stored in aliquots at —80 °C. Decylu-
biquinol concentration was determined spectrophotometri-
cally from absolute spectra, using €,gg 350 = 4.14mmM™ ' cm™".
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Measurement of Decylubiquinol:Cytochrome ¢ Oxidoreduc-
tase Activity—Cytochrome ¢ reductase activity measurements
were assayed in a Cary 4000 spectrophotometer at 500 versus
542 nm in a reaction buffer consisting of 50 mm potassium
phosphate (pH 7.5), 2 mm EDTA, 10 mm KCN, and 30 pum
equine cytochrome c (Sigma) at room temperature (26). The
reaction volume was 700 ul. P. falciparum bc, was present as a
crude membrane preparation (“cell-free extract”) at a total pro-
tein concentration of 30—60 ug/ml. Cytochrome ¢ reductase
activity was initiated by the addition of decylubiquinol (5-50
uM), and the kinetic data were collected for 4 min. Initial rates
(computer-fitted as zero order kinetics) were measured as a
function of decylubiquinol concentration, using € 5o 540 =
181 mM 'cm™ .

Sequencing Cytochrome b of P. falciparum TM90C2B—The
sequences of the primers used for PCR amplification of the
genes encoding cytochrome b and the ISP from TM90C2B
c¢DNA were as follows: Cyt b forward, 5'-ATGAACTTT-
TACTCTATTAATTTAG; Cyt b reverse, 5'-TATGTTTGCT-
TGGGAGCTGTAATC; ISP forward, 5-ATGAATATTA-
AATATGTGGAAC; and ISP reverse, 5-TCCAATT-
TTTATCGTATTTTCAT. The PCR consisted of 96 °C for 10
min followed by 25 reaction cycles with melting (45 s), anneal-
ing (45 s), and extension (2 min) temperatures of 96, 45, and
68 °C, respectively, with a final 10-min extension at 68 °C. The
PCR buffer contained 1 mm MgSO,, 100 ng of TM90 cDNA,
0.25 mMm dA/C/G/TTP (1 mMm total AINTP), 1X Pfx proprietary
reaction buffer (Invitrogen), 2 uMm forward/reverse primers, and
1 unit of Pfx DNA polymerase (Invitrogen). Total reaction vol-
ume was 50 ul. The PCR products were purified by 2% (w/v)
agarose gel electrophoresis and sent for automated DNA
sequencing (Lark Technologies, Takeley, UK). Sequence chro-
matograms were inspected using the 4Peaks software package.

Expression Profile of Energy Metabolism Genes from Wild
Type, Transgenic, and Atovaquone-resistant P. falciparum
Parasites—Quantitative RT-PCR was used to determine the
expression of energy metabolism genes from 3D7, 3D7-
yDHODH-GFP, and TM90C2B parasites. RNA was extracted
from highly synchronized (>99%) trophozoite stage parasites
on at least three independent occasions. Aliquots (75 ng) from
each pool of total RNA served as templates for making target
specific cDNA by reverse transcription in a single multiplex
assay using the GenomeLab GeXP Start Kit (Beckman Coulter)
and the gene-specific primers in supplemental Table S1. The
primers were designed using the eXpres Profiler software
(Beckman Coulter) based on ¢cDNA sequences retrieved from
Plasmo.DB. The GeXP multiplex system uses a combined tar-
get-specific primer and a universal sequence to reverse tran-
scribe mRNA into cDNA. The reverse transcription step was
followed by a PCR step in which during the first three cycles of
amplification were carried out by chimerical forward and
reverse primers (supplemental Table S1). For subsequent cycles
(cycles 4-35), amplification was carried out using universal for-
ward and universal reverse primers provided by the kit. The
PCR conditions were 95 °C for 10 min, followed by 35 cycles of
94 °C for 30 s, 55 °C for 30 s, and 68 °C for 1 min. Multiplexing
primer specificity was confirmed by sequencing the PCR prod-
ucts obtained from single reactions. The universal primers that
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come with the kit were fluorescently labeled and yielded signals
that corresponded to the amount of product in the multiplex
reaction. PCR products were quantified with a CEQ 8000
Genetic Analysis System (Beckman Coulter) running a
GenomeLab GeXP eXpress analysis program (Beckman
Coulter) that computes peak areas for each target. The peak
area of a reference gene, elongation factor 1o (PlasmoDB acces-
sion PF13_0305) was used to normalize for variation in the total
mRNA amount. Normalized peak areas were then log2-trans-
formed to approximate a normal distribution. To determine
whether there was any interference from sexual stage-depen-
dent gene expression, sexual development was measured by
analysis of Pfsl6 gene expression (PlasmoDB accession
PF11_0318) (27).

Anti-bc; Polyclonal Antibody Synthesis—The peptide
322GHYDNSGRIRQGPA?3® of the ubiquinol-cytochrome ¢
reductase Rieske iron-sulfur subunit (Swissprot accession
number Q8IL75) of the Plasmodium falciparum bc, protein
was selected, synthesized, and used for immunization in the
rabbit and generation of an affinity-purified polyclonal anti-
body (GenScript Corp., Piscataway, NJ). The rabbit anti-Pfbcl
polyclonal antibodies were lyophilized in phosphate-buffered
saline (pH 7.4) with 0.02% sodium azide as preservative. Lyoph-
ilized antibodies were reconstituted with MilliQ water, and ali-
quots were stored at —20 °C until use.

Free Parasites Membrane Protein Extraction—Free parasites
were harvested at the trophozoite stage with a parasitemia >8%
by treatment with 0.15% (w/v) saponin in phosphate-buffered
saline. After three washes in 25 mm HEPES-buffered RPMI
1640 by centrifugation at 4 °C at 6,000 X g for 5 min, the cells
were disrupted with a sonicating probe in lysis buffer (50 mm
Tris-HCI, 150 mM NaCl, 2 mm EDTA, pH 7.4) in the presence of
protease inhibitor mixture (Complete Mini; Roche Applied Sci-
ence). Lysate was centrifuged at 17,000 X g for 30 min at 4 °C,
and the membrane proteins of the parasites (pellet) were sepa-
rated from the soluble proteins (supernatant).

Immunoprecipitation—For immunoprecipitation studies,
membrane proteins were boiled (5 min at 95 °C) in denaturing
lysis buffer (50 mm Tris-HCL, 5 mMm EDTA, 2% (w/v) SDS, 10 mm
DTT) and diluted (10-fold) with nondenaturing lysis buffer (50
mMm Tris-HCl, 150 mm NaCl, 1 mm EDTA, 1% (v/v) Triton
X-100, pH 7.5). Following centrifugation (17,000 X g for 30
min), denatured proteins were collected in the supernatant
and incubated overnight with 2 pg of anti-bcl antibody,
rotating at 4 °C, followed by 50 ul of protein A-Sepharose
slurry for 3 h at 4 °C. Immunoprecipitates were washed,
gently eluated with an acidic buffer (pH 2.8), and then sepa-
rated by 10% (w/v) SDS-PAGE gel electrophoresis before
proceeding to immunoblotting.

Immunoblotting— Antigens obtained were separated by 10%
(w/v) SDS-PAGE gel electrophoresis and transferred to
Hybond ECL nitrocellulose (GE Healthcare). The membranes
were saturated overnight at 4 °C in blocking solution (5% (w/v)
dry milk powder, 0.05% (v/v) Tween 20 in PBS solution), and
the immunodetection was carried out 2 h with the anti-bc, anti-
body polyclonal antibody. A second incubation of 1 h with a
rabbit primary polyclonal antibody against P. falciparum aldol-
ase was performed as a loading control (28). Horseradish per-
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oxidase-conjugated goat anti-rabbit IgG secondary antibody
was used at 1:10000 dilution for 1 h. The signal was visualized by
chemiluminescence with ECL™ Western blotting detection
reagent kit (Amersham Biosciences), followed by exposure of
the membranes to Kodak® BioMax™ MR film.

In-gel Trypsin Digestion, Mass Spectrometry, and Database
Searches—An identical SDS-PAGE was silver-stained, and pro-
tein spots corresponding to the signal from the anti-bc; immu-
noblot were excised. Each sample was reduced with 10 mm
DTT at 56 °C for 30 min and alkylated with 55 mm iodoacet-
amide at 37 °C for 30 min. Proteins contained within these gel
spots were proteolyzed by addition of 190 ng of sequencing
grade trypsin (Sigma) and incubated overnight at 37 °C. The
resulting tryptic peptides were then dried and rehydrated in 5%
(v/v) formic acid in 50% (v/v) acetonitrile. NanoLC-MS/MS
analyses were performed on a Dual Gradient Ultimate 3000
chromatographic system (Dionex). A 20-ul aliquot of sample
was placed into a well on a 96-well plate, of which 10 ul of
sample was injected onto a C18 precolumn (Acclaim PepMap
C18; 2-cm length X 100-um inner diameter X 5-um particle
size; 100 A porosity; Dionex). After desalting for 6 min with
buffer A (water/acetonitrile/formic acid, 97.5/2.5/0.1 v/v/v)
peptide separation was carried out on a C18 capillary column
(Acclaim PepMap C18; 15-cm length X 75-um inner diame-
ter X 2-um particle size; 100 A porosity; Dionex) with a gradi-
ent method starting at 100% buffer A, ramping up to 50% buffer
B (water/acetonitrile/formic acid, 10/90/0.1 v/v/v) over 90 min.
This was then increased to 100% buffer B over 0.1 min, which
was then held at 100% buffer B for 10 min. Finally, this was
decreased to 0% over 0.1 min, and buffer A was increased to
100%. The column was finally re-equilibrated with 100% buffer
A for 15 min. The LC eluent was nano-sprayed into the MS
instrument with a glass emitter tip (Pico-tip, FS360 —50-15-CE-
20-C10.5; New Objective Woburn). The LTQ-Orbitrap Velos
mass spectrometer (ThermoFisher Scientific) was operated in
positive ionization mode. Raw data files were processed using
the software Proteome Discoverer 1.0.0 (ThermoScientific)
incorporating Sequest search algorithm. The proteins were
identified by screening LC-MS sequence data against a Plas-
moDB database (version 8.0). A parent mass tolerance of 1.5 Da
and fragment mass tolerance of 1 Da were used, allowing for
one missed cleavage. Carbamidomethylation of cysteine and
oxidation of methionine were the fixed and variable modifica-
tions, respectively.

Molecular Modeling of the Yeast (Saccharomyces cerevisiae)
bc; Q, Site Atovaquone Interaction—GOLD 5.0.1 (CCDC Soft-
ware Limited, Cambridge, UK) was used to dock atovaquone
into the Q, site of the yeast cytochrome bc; complex (Protein
Data Bank code 3CX5) (29). The hydroxyl moiety of atova-
quone was modeled in the protonated form. The native ligand
stigmatellin was removed and used to define the binding site as
6 A around the ligand. Protons were added, and all of the crys-
tallographic water molecules were removed, except HOH7187,
which has previously been described as key to the observed
hydrogen bonding network (31). Constraints were applied such
that docking poses were optimized to form the His'®' and
Glu?”? interactions, with HOH7187 allowed to spin and trans-
late from its original position within a radius of 2 A. Docking
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was performed using the GoldScore scoring function, with the
reported pose having a GoldScore of 29.02.

RESULTS

Sequencing of Cytochrome b in TM90C2B—Automated DNA
sequencing of the mitochondrial cytochrome b gene PCR-am-
plified from P. falciparum TM90C2B c¢DNA confirmed the
mutation of adenine to cytosine at nucleotide 803, resulting in
the replacement of tyrosine by serine at amino acid position 268
(data not shown). No additional mutations were observed in the
nucleotide sequence of TM90C2B cytochrome b or the Rieske
(ISP) protein when compared with the control DNA (P. falcip-
arum 3D7; data not shown).

Inhibition Profile of Atovaquone-sensitive and -resistant
Strains—Growth inhibition assays were performed to confirm
the phenotypic profiles of the wild type (3D7) and atovaquone-
resistant strains (TM90C2B and 3D7-yDHODH-GFP) to ther-
apeutic drugs and various specific electron transport inhibitors.
As expected, 3D7-yDHODH-'GFP was highly resistant to
atovaquone and other bc,-targeting inhibitors (antimycin
and stigmatellin), consistent with the original work per-
formed by Painter et al., (2). Also as expected, TM90C2B
harboring the Y268S mutation in bc, was shown to be highly
resistant (>12,000-fold) to atovaquone. Interestingly how-
ever, TM902CB also displayed an increased resistance to
other bc, inhibitors including the Q, site inhibitors myx-
othiazol (~20-fold) and stigmatellin (~5-fold), as well as the
Q; site inhibitor antimycin (~20-fold). A ~20-fold increase
in the IC,, of the Complex II inhibitor 2-thenoyltrifluoroac-
etone against TM902CB relative to 3D7 was also observed,
whereas Complex IV inhibition by azide and DHODH inhi-
bition by 5-fluoroorotic acid were similar between 3D7 and
TM902CB (Table 1).

Loss of Conserved Tyrosine Reduces Catalytic Activity of P.
falciparum bc,—We next determined what effect the Y268S
mutation would have on the enzymatic activity of the parasite
bc, complex. Steady-state kinetics parameters were determined
for wild type (3D7) and atovaquone-resistant (TM90C2B) P.
falciparum bc,. The dQH2:Cyt ¢ oxidoreductase V. was
measured as 97.4 * 5.1 and 60.2 * 3.2 nmol of Cyt ¢ reduced/
min/mg of protein for 3D7 and TM90C2B, respectively (Fig. 1a
and Table 2), although the K, for dQH2 was determined to be
55 * 1.1 and 18.5 £ 2.6 uMm for 3D7 and TM90C2B, respec-
tively (Fig. 1a and Table 2).

In our standard assay conditions, dQH2:Cyt ¢ oxidoreduc-
tase activity from wild type (3D7) parasite was inhibited by
atovaquone with an IC,, of 6 = 1 nm, whereas TM90C2B par-
asite dQH2:Cyt c oxidoreductase activity was inhibited with an
IC,, of 600 = 90 nMm (Fig. 1b). The inhibition constant (K;) for
atovaquone for 3D7 and TM90C2B was 0.6 and 162 nwm, respec-
tively (calculated from the Cheng-Prusoff equation (30),
assuming competitive inhibition with dQH2).

Characterization of the Anti-bc, Antibody—To measure bc,
protein expression in the parasite, a custom polyclonal anti-
body against the Rieske subunit of the P. falciparum bc, com-
plex was raised using a commercial supplier (GenScript Corp.).
To validate this customized antibody by analysis of its antigens
with NanoLC-MS/MS, an immunoprecipitation experiment
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TABLE 1

Growth inhibition profiles of P. falciparum 3D7, 3D7-yDHODH-GFP, and TM90C2B parasites
The data are expressed as the means *+ S.E., acquired from multiple replicates performed on at least three independent occasions. The IC, values were calculated by fitting

of four-parameter logistic curves (Grafit software). ND, not determined.

IC,,
Drug Target 3D7 3D7-yDHODH-GFP TM90C2B

nm
Artesunate 1.6 £ 0.4 1.1£0.1 0.5*0.1
Chloroquine 114 *+ 04 104 = 0.4 70.6 = 9.6
Atovaquone bey (Q,) 0.8+0.1 5.8 X 10° = 2.2 X 10% 124 X 10° = 1.6 X 10%
Stigmatellin be, (Q,) 232 *42 4.1 X 10® + 425 107 =13
Myxothiazol be, (Q,) 333 = 6.4 ND 564 * 11
Antimycin bey (Q) 13.8 +2.2 ND 300 * 34
2-Thenoyltrifluoroacetone Succinate dehydrogenase 1.5 X 10° = 245 1.4 X 10° = 352 31.4 X 10% = 965
Sodium azide Cytaa, 423 X 10% * 45 X 10° 586 X 10° + 97 X 10° 654 X 10° + 102 X 10®

5-Fluoro-orotic acid
Pyrimethamine

Dihydroorotate dehydrogenase
Dihydrofolate reductase

6.1 0.9
315*+6.9

55=*04
35.9 X 10*> + 9.9 X 10°

63+ 13
>10,000

was performed on the membrane proteins obtained from 3D7
free-parasite extracts. The result of the immunocapture (sepa-
rated by 10% SDS-PAGE) was observed by Western blot and
silver staining (Fig. 2). The immunoblot revealed a protein cap-
tured around 41 kDa, consistent with the size of the Rieske
subunit in the malaria parasite. The band corresponding to the
protein was excised from the silver-stained gel, digested with
trypsin, and analyzed by NanoLC-MS/MS to obtain the peptide
sequence data. The Rieske subunit was identified by 28 pep-
tide mass fingerprints with sequence coverage of 60.0%. An
example of the NanoLC-MS/MS fragmentation pattern of the
peptide ">’ YAHYNQTAEPVPR'*is shown in Fig. 3. Attempts
to generate polyclonal antibodies specific to P. falciparum cyto-
chrome b were unsuccessful.

Cytochrome b Protein Expression in Atovaquone-sensitive
and -resistant Parasites—Using the characterized anti-ISP
antibody, the extent to which the Y268S mutation affected pro-
tein expression was determined by performing Western blots of
cell-free extracts prepared from TM90C2B compared with the
atovaquone-sensitive 3D7 strain. As shown in Fig. 4 (top panel),
a decrease in ISP content was observed in Western blots pre-
pared from TM90C2B compared with the 3D7 control strain.
This experiment was performed on three separate occasions
using different membrane preparations. For all experiments,
aldolase was used to control for any potential differences in
protein loading (Fig. 4). In contrast to the parasite data, no such
loss in the ISP signal was observed using crude mitochondrial
membranes prepared from yeast containing the Y279S cyto-
chrome b mutation, relative to wild type control (data not
shown).

Transcriptional Expression Profiles of Energy Metabolism
Genes in Atovaquone-sensitive and -resistant Parasites—To
determine whether any of the phenotypic differences between
TM90C2B and 3D7 could be accounted for by differential gene
expression, quantitative RT-PCR was used to determine the
expression of energy metabolism genes from 3D7 and
TM90C2B parasites. Gene expression from the transgenic
strain 3D7-yDHODH-'GFP, harboring the yeast DHODH,
which confers an atovaquone-resistant phenotype (2), was also
determined because this strain should show a similar expres-
sion profile to its parent 3D7 strain. The 36 genes that were
monitored included those involved in glycolysis/fermentation,
specific subunits of mitochondrial electron transport chain
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complexes, mitochondrial dehydrogenases, and mitochondrial
Krebs cycle genes. Expression profiles from the various strains
were measured from RNA taken from trophozoite-stage para-
sites on at least three independent occasions; expression was
then normalized against the expression of a reference gene,
elongation factor la (see methods). Mean expression levels
(n = 3) for all of the genes from the three strains are given in
supplemental Table S2. Fig. 5 shows the relative fold change
in gene expression for (a) 3D7-yDHODH-GFP/3D7 and
(b)) TMO0C2B/3D7. As expected, the transgenic 3D7-
yDHODH-GEP strain displayed relatively little difference in the
fold change in gene expression compared with 3D7 and with
the exception of one gene (NAD glutamate dehydrogenase); all
of the expression values fell at or near 1 (Fig. 5a).

However, analysis of the fold change in gene expression of
the atovaquone-resistant strain TM90C2B compared with the
atovaquone-sensitive 3D7 strain revealed some significant dif-
ferences between the two strains (Fig. 50). Of note was the
~2-fold increase in expression of Complex III and Complex IV
genes, which included cytochromes b, ¢, and ¢;; the Rieske (ISP)
subunit of bc;; and subunits 1 and 2 of cytochrome ¢ oxidase
(Fig. 56 and supplemental Table S2). Other genes also shown to
have higher comparative levels of expression (by up to 2-fold)
included the hexose transporter, phosphoglycerate kinase and
succinyl CoA synthetase.

Both TM90C2B and 3D7 are able to generate gametocytes in
the laboratory. Analysis of the sexual development gene pfs16
revealed no change in expression levels during replication or
between strains (supplemental Table S2 and Fig. 5), indicating
that measured gene expression from these strains was not a
consequence of sexual development.

DISCUSSION

In the absence of a crystal structure for P. falciparum bc,, an
in silico model of atovaquone docked at the Q, site of yeast
cytochrome b has been described by Kessl et al. (31) that per-
forms as a useful surrogate for discussion. We present an
updated version of the atovaquone-bound yeast model in Fig. 6.
In the yeast model, atovaquone is represented as a “heme-dis-
tal” Q,, inhibitor, binding in a manner strongly reminiscent of
stigmatellin. In the model, the hydroxyl moiety of the
hydroxynaphthoquinone ring of atovaquone forms a hydrogen
bond to the eN atom of the imidazole group of His'®! in the
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FIGURE 1. g, steady-state decylubiquinol:cytochrome c oxidoreductase activ-
ity of P. falciparum 3D7 (®) and TM90C2B (O) bc, in crude cell-free extracts.
The assays were performed as described under “Experimental Procedures”
and consist of the combined kinetic data from three separate experiments
per strain. The data were fitted to a Michaelis-Menten rectangular hyperbola
using Kaleidagraph (Synergy Software). b, inhibition of steady-state decylu-
biguinol:cytochrome ¢ oxidoreductase activity of P. falciparum 3D7 (@) and
TM90C2B (O) bc, in crude cell-free extracts by atovaquone. The assays were
performed as described under “Experimental Procedures” using a decylu-
biguinol concentration of 50 um. The data were fitted using a four-parameter
sigmoidal function in Kaleidagraph (Synergy Software).

Rieske iron-sulfur protein (lowering the redox potential of
the [2Fe-2S] cluster). A second H-bond is formed between the
hydroxynaphthoquinone carbonyl group of atovaquone and
the carboxylate of cytochrome b ef loop residue Glu®’* via a
bridging water molecule. The chlorophenyl ring of atovaquone
in the yeast model sits in a hydrophobic pocket within cyto-
chrome b formed from the side chains of Phe'*' (transmem-
brane helix C) and Phe*”® (ef loop). Leu®”® (ef loop) is predicted
to form a stabilizing hydrophobic contact with the cyclohexyl
moiety of atovaquone. A similar pocket is likely to be formed by
the corresponding residues in P. falciparum cytochrome b
(Phe''®, Phe?**, and Phe**”).

Tyr?®® (Plasmodium notation), located within the ef helix, is
highly conserved. In yeast, it has been suggested that the tyrosyl
side chain of this residue participates in the positioning of Q-
bound ubiquinol, and it has been postulated to contribute to
stabilizing hydrophobic interactions with the naphthoquinone
group of atovaquone (31, 32). Studies with mutant forms of bc,
from the bacterium Rhodobacter sphaeroides indicated that an
aromatic or large hydrophobic side chain residue is required at
this position within the ef helix for efficient catalytic activity
(33). A recent examination of the crystal structure of avian bc,
suggests a role for the hydroxyl moiety of this side chain in the
formation of a hydrogen-bonding association with His'®" of the
Rieske protein (34). In addition, mutation of the equivalent res-
idue in man (Tyr-279) has been linked with a variety of mito-
chondrial disorders (26, 35). To date, there are no atomic struc-
tures available for bc; complex with Q_-bound ubiquinol.

The decrease in V,,,, reported here in crude preparations of
TM90C2B bc, (60.2 = 3.2 nmol Cyt c reduced/min/mg protein)
compared with the control 3D7 strain (97.4 = 5.1 nmol of Cytc
reduced/min/mg of protein) is similar to that observed for the
yeast Y279C and Y279S mutants (turnover numbers of 47 and
30 s, respectively, compared with the wild type value of 80
s~ 1) (18, 26, 35), although it should be noted that more delete-
rious effects on the yeast enzyme activity have been noted in
Y279S preparations in other laboratories (31). The 20-fold

MW  Western Silver
(kDa) blot staining
52 HC
<] rieske sb.

FIGURE 2. Western blot and silver staining of the Rieske subunit (41 kDa)
immunocapture from 3D7 free parasites. HC indicate the heavy chain (50
kDa) of the polyclonal antibody used for the immunoprecipitation. MW,
molecular mass.

TABLE 2
Cell-free extract steady-state decylubiquinol:cytochrome c oxidoreductase activity and atovaquone sensitivity in P. falciparum strains 3D7 and
TM90C2B
Enzyme activity was measured as described under “Experimental Procedures.” The K; values for atovaquone inhibition were calculated using the Cheng-Prusoff equation (30).

P. falciparum strain Vnax K, (dQH2) IC ,, (atovaquone) K; (atovaquone)

nmol cyt ¢ reduced/min/mg protein mm nm nm
3D7 974 *+ 5.1 55*11 6.4 * 1.2 0.6
TM90C2B 60.2 = 3.2 185+ 2.6 600 = 90 162
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FIGURE 3. g, fragmentation spectra of the precursor ion with m/z = 846.90 Da (charge of +2) identified as peptide YAHYNQTAEPVPR (residues 101-114 of
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matching of y- and b-fragment ions.
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FIGURE 4. Immunoblot analysis of the 3D7 and TM90 membrane proteins
fractions with the customized anti-Rieske antibody. Aldolase is used as a
loading control and detected from their respective soluble proteins fractions.

increase in IC, for the Q; site inhibitor antimycin in TM90C2B
compared with the control 3D7 strain is at first sight surprising,
because the Q_ and Q,; sites are located on opposite sides of the
inner mitochondrial membrane within cytochrome b, sepa-
rated by ~25 A. However, regulatory interactions between the
Q, and Q; sites have been observed in yeast bc; in which the
binding of stigmatellin affected the interaction of antimycin in a
complex manner, with one half of the (dimeric) enzyme binding
antimycin in a slow, concentration-independent way. Antimy-
cin was observed to bind rapidly and in a concentration-depen-
dent manner in the presence of myxothiazol (a “b-proximal” Q,
site inhibitor) (36). The structural mechanism for this apparent
communication pathway between the quinone-binding sites
within cytochrome b remains to be determined.

The 3-fold increase in K|, observed for decylubiquinol in
TM90C2B bc, coupled with the decrease in V. suggests that
the binding and/or positioning of the substrate ubiquinol
within the Q_ site is impaired in TM90C2B compared with the
wild type, consistent with mutation studies of this residue in
other organisms. We note with interest the apparent instability
of the ISP in TM90C2B as revealed by Western blotting (Fig. 4),
which suggests a weakened interaction between this subunit
and cytochrome b. The ISP content in the corresponding yeast
mutant (Y279S), however, was indistinguishable from wild type
(data not shown). Similarly, in previous studies, no loss of ISP
content is observed in the yeast Y279A and Y279C mutants,
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although the Y279W mutation was found to be structurally
destabilizing (26, 31). These data further highlight the differ-
ences between parasite and yeast cytochrome b and the need for
performing biochemical analyses on parasite material irrespec-
tive of the technical difficulties.

The instability of the ISP in TM90C2B may be due to pertur-
bation of the ef helix and surrounding protein structure at the
Q, site caused by the introduced serinyl side chain. A potential
consequence of structural perturbation around the Q, site
would be a perturbation of the docking or positioning of the ISP
ecto-domain at Q_, weakening the hydrogen bonding associa-
tion and/or an increase in the electron transfer distance
between bound ubiquinol and the ISP [2Fe-2S] cluster, or low-
ering the occupancy of bound ubiquinol. Such perturbations
have been observed in Q, site mutants of the yeast bc; complex
(26, 37, 38). The differences in bc; complex integrity observed
in TM90C2B and the yeast Y279S mutant may arise from the
potentially unusual structure of the Q, site and ISP docking
surface in Apicomplexa (i.e. the four residue deletion in the
N-terminal region of the cd2 helix (20)). This potential struc-
tural perturbation affecting electron transfer may also account
for the apparent increased tolerance (~20-fold) that the
TM902CB parasite has for heme-proximal Q, inhibitors (e.g.
myxothiazol), as well as Q; inhibitors (e.g. antimycin; Table 1). It
will be important to further understand this phenomenon
because the TM902CB strain is widely used to assess the suit-
ability of novel bc, inhibitors (39), and an apparent cross-resis-
tance of novel chemotypes may be mistakenly interpreted as
deriving from atovaquone-like binding.

A recent and noteworthy study by Hughes et al. (40) investi-
gated the susceptibility of blood stage atovaquone-resistant
(TM90C2B) and -sensitive (D6, W2) strains of P. falciparum to
a series of novel hydroxy-naphthoquinones. The sensitivity of
liver stage Plasmodium berghei and mutant forms of the yeast
bc, complex to these compounds was also examined in this
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FIGURE 6. Molecular model of atovaquone (Atv) docked into the Q, site of
yeast cytochrome bc, complex (Protein Data Bank code 3CX5), showing
hydrogen bonding to Rieske protein residue His'®' and cytochrome b
residue Glu?”? (via a bridging water molecule). Yeast residues are labeled
in white, with the corresponding P. falciparum residues labeled in orange.
Docking was performed as described under “Experimental Procedures.” The
cytochrome b polypeptide backbone is represented in green, with the Rieske
protein backbone in brown. The [2Fe-2S] cluster of the Rieske protein is rep-
resented in CPK form (sulfur, yellow; iron, pink). Hydrogen bonds are indicated
by yellow dotted lines. A 1.4 A radius CPK dotted surface has been added
around the docked atovaquone molecule to aid visual clarity. The side chain
of His'®' is shown in the imidazolate conformation, although it has not been
established which group contributes the hydrogen atom in the putative
hydrogen bond between this residue and the (ionizable) naphthoquinone
hydroxyl of atovaquone (10).

study. IC,, values were derived from growth inhibition data for
the Plasmodium strains employed in this investigation and not
against the isolated bc, complex. Importantly, the introduction
of an 8-methyl substituent to the hydroxynapthoquinone moi-
ety was found to counter the resistance conferred by the Y268S
mutation in TM90C2B (IC,, = 200 nM in blood stage parasite
growth assay for compound NQ2). Molecular modeling studies
with the yeast bc; complex suggested that this methyl substit-
uent would form a van der Waals interaction with the Rieske
protein residue Cyslso. However, mutation of this conserved
residue in yeast resulted in a fully assembled but nonfunctional
bc, complex (41).

In contrast to our steady-state bc; inhibition data with
TM90C2B membrane extracts in the presence of atovaquone
(Table 2), Hughes et al. (40) observed biphasic inhibition titra-
tion behavior with the hydroxy-naphthquinones against atova-
quone-resistant mutants of the yeast bc; complex (i.e. incom-

plete inhibition of activity at an inhibitor concentration of 500
nM) and suggest that the sensitivity of the enzyme to these com-
pounds is dependent on the redox status of the Rieske protein,
as is observed for the inhibitor undecyl-hydroxy-benzoxythia-
zole (42). Although we did not observe a similar biphasic inhi-
bition phenomenon in the current study with atovaquone, it is
possible that sensitivity to the redox state of the ISP may be a
contributing factor in the 20-fold difference observed in IC,,
for atovaquone in TM90C2B growth assays and crude bc,
assays and that this redox state changes on cell disruption.

We predict that the reduced enzyme turnover and the signif-
icant reduction in ISP content in parasite bc; carrying the
Y268S results in a significant fitness cost to the parasite. In line
with this hypothesis, a fitness cost (manifested as a slower
growth rate) has been demonstrated for atovaquone-resistant
K1 clones of P. falciparum containing the M1331/G280D dou-
ble mutation within cytochrome b (43).

Analysis of the gene expression of the major metabolic and
respiratory chain genes from the TM90C2B strain revealed sig-
nificant differences in comparison with the 3D7 atovaquone-
sensitive strain. In particular key, differences were observed in
gene expression of Complex III and Complex IV genes (which
included cytochromes b, ¢, and c¢;, the ISP subunit and subunits
1 and 2 of cytochrome ¢ oxidase (Fig. 6)), as well genes involved
in glycolysis such as the hexose transporter and phosphoglyc-
erate kinase. It is tempting to speculate therefore that these
increased levels of gene expression help the parasite to accom-
modate the Y268S mutation. The increased levels of Complex
III and IV genes may be able to offset the stability issues
described above. Mutation of the bc, complex in yeast has been
shown to have a deleterious effect on the succinate:decylu-
biquinone oxidoreductase and cytochrome c oxidase activity of
Complexes II and 1V, respectively, which may be due to the
disruption of physical associations between these enzymes (37,
38, 44). The increase in expression levels of genes such as the
hexose transporter may ameliorate energy deficits. Similarly,
induction of the HXT'16 (hexose permease) and TDH1I (glycer-
aldehyde-3-phosphate dehydrogenase) genes have been
observed in response to treatment of yeast cells with the bc,
inhibitor myxothiazol (45). Plasmodium gene expression has
been described as “just in time” expression displaying an
S-shaped wave of transcripts (46, 47) and as such is “hard-
wired” and largely unresponsive to drug perturbation (48). We
assume therefore that the increased levels of gene expression in
the TM902CB strain arose from natural variation and were
selected by drug pressure.

In summary, this study gives the first description of the effect
of the Y268S mutation on parasite bc; catalytic turnover and
stability. Our data indicate that the reduced enzyme activity
affects protein stability and should incur a fitness penalty to the
parasite, features that were not fully discernable using the yeast
model alone. Gene expression analyses show increased levels of

FIGURE 5. Fold changes in gene expression of energy metabolism genes between wild type (3D7), transgenic (3D7-yDHODH-GFP), and atovaquone-
resistant (TM90C2B) P. falciparum parasites. The figure shows the relative fold change in gene expression for 3D7-yDHODH-GFP/3D7 (a) and for TM90C2B/
3D7 (b). Expression data are normalized against a reference gene (elongation factor 1) and displayed as mean fold changes = S.D. from n = 3 independent
experiments. The mean expression data = S.D. (n = 3) is shown in supplemental Table S2. The dashed blue box indicates genes encoding for components of

mitochondrial Complex Ill and IV.
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expression of relevant respiratory chain complexes in parasites
harboring the Y268S mutation. It is hypothesized that the
increased levels of expression of these key genes offsets the
fitness cost of the Y268S mutation to sustain parasite viability.
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