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Summary

Atovaquone is used as a fixed dose combination with proguanil (Malarone™), either
for treating children and adults with uncomplicated malaria or as a chemoprophylaxis
for preventing malaria in travellers. Indeed in the US, between 2009-2011, Malarone™
prescriptions accounted for 70% of all antimalarial pre-travel prescriptions. In 2013
the patent for Malarone™ will expire, potentially resulting in a wave of low-cost
generics. Furthermore, the malaria scientific community has a number of antimalarial
guinolones, with a related pharmacophore to atovaquone, at various stages of pre-
clinical development. With this in mind, it is timely here to review the current
knowledge of atovaquone, with the purpose of aiding decision making of clinicians
and drug developers involved in the future use of atovaquone generics or atovaquone

derivatives.

Introduction

Atovaquone is the end product of half a century of research by many groups who researched
the antiparasitic properties of numerous structurally related compounds.*® Currently
Atovaquone is used as a fixed dose combination with proguanil (Malarone™), for the
treatment of children and adults with uncomplicated malaria or as a chemoprophylactic
agent for preventing malaria in travellers.” ® Between 2009 and 2011 in the US Malarone™
accounted for 70% of all antimalarial pre-travel prescriptions.®

The development of atovaquone as an antimalarial drug began over 50 years ago when the

outbreak of World War 2 caused substantial shortages in the supply of quinine.” Intense
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efforts in America led to thousands of structurally diverse compounds being investigated,
several of which were hydroxynaphthoquinones. Modest antimalarial activity when
administered to ducks infected with Plasmodium lophurae resulted in a robust lead
optimisation programme generating more than 300 quinones, some of which demonstrated
greater activity than quinine in the duck assay. However, when administered to malaria
patients these compounds were devoid of any activity due to poor absorption and rapid
metabolism.*" !* Attempts to solve these problems and produce an orally active quinine were
unsuccessful both then and when the problem was re-visited in the 1960s."* Research in the
1960s did however lead the development of Lapinone (1), which was given intravenously

and had activity against Plasmodium vivax (Figure 1).'*

The use of quinones as antimalarial agents was then reinvestigated in the 1980s by a group
at the Wellcome Research Laboratories. More meaningful studies could be carried out at
this time due to the development of test systems using the human parasite Plasmodium
falciparum in vitro or in Aotus monkeys. The aim of this study was to design a quinone with
good antimalarial activity against P. falciparum combined with good metabolic stability in
humans. Several 2-cyclohexyl-3-hydroxy-1,4-naphthoquinone analogues (2 and 3) were
synthesised with the metabolically labile 4’ position of the cyclohexyl ring substituted with a
range of groups.™ ® Several of these quinones demonstrated a potency of ~1 nM towards
P. falciparum in vitro but only atovaquone (4) was inert to human liver microsomes.” *® The
trans isomer of atovaquone is substantially more potent than corresponding cis isomer. The
chemical synthesis of atovaquone was originally disclosed in 1991 in US patent
N0.4981874. This route gave a poor yield of 4% atovaquone calculated from only the last

two steps (Figure 2A)."

Williams and Clark then published a variant of this methodology (Figure 2B) in which oxalate
(11) was used to produce racemic compound (9) in 43% yield and the ester by-product (12)
in 38% yield.?® Conversion to atovaquone was then achieved as described in Figure 2A. The
disadvantages of this process are the column chromatography required to separate (9) from

(12) and the same poor yield problem will still prevail in the final two steps.

Both processes described so far also involve the use of silver nitrate, a heavy metal which
can be difficult to remove and whose use is tightly regulated. The recently patented (WO
2010/001379) synthesis seen in Figure 2C offers an improved synthesis of atovaquone as it

is higher yielding and doesn'’t involve the use of heavy metals.*
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A common problem with all the routes so far is that large amounts of the potentially useful,
yet significantly less potent cis isomer of atovaquone are disregarded as only the trans
isomer is required. There are two literature procedures that address this problem. Reacting
the cis isomer of atovaquone, atovaquone intermediates or isomeric mixtures thereof with a
strong acid results in a clean epimerization to the corresponding trans isomer and thus to
high yields of trans atovaquone.? Heating the cis isomer at reflux in organic solvent also

carries out this transformation.?®

With the patent relating to Malarone due to expire in 2013 the synthesis of atovaquone will
be exploited to its full potential as generic versions of the drug are likely to become common
place. This will in turn have a marked effect on the cost of goods as currently the high cost of
atovaquone is frequently prohibitive in its use by the endemic population within countries
affected by malaria. Increased availability and use of the drug will also have an effect on the
clinical efficacy of atovaquone and factors such as access, sustainability, and resistance
need to be considered.?* Furthermore, the malaria scientific community has a number of
antimalarial quinolones, with a related pharmacophore to atovaquone, at various stages of

pre-clinical development.?>*

Pharmacodynamics

Mode of Action. Atovaquone is a competitive inhibitor of ubiquinol, specifically inhibiting the
mitochondrial electron transport chain at the bc; complex.®! Inhibition of bc, activity results in
a loss of mitochondrial function.® * During the intra-erythrocytic stage of infection, a key
role of the parasite mitochondrion is to provide orotate for pyrimidine biosynthesis through
the activity of dihydroorotate dehydrogenase (DHODH). Consistent with this, inhibition of the
bc; complex by atovaquone affects the concentrations of metabolites in the pyrimidine
biosynthetic pathway.** * Indeed, transgenic P. falciparum parasites expressing ubiquinone-
independent yeast DHODH have been shown to display an atovaguone-resistant
phenotype.®® In addition, a recent study suggests that a further cellular consequence of
mitochondrial inhibition by atovaquone is the inhibition of purine biosynthesis.*” Blood stage
parasite death as a result of atovaquone is relatively slow compared to other antimalarials
such as artemisinin and chloroquine.? *® This feature appears to be consistent with other
mitochondrial-acting antimalarials and is possibly due to the drug acting only on late
trophozoites and not on the earlier “ring” stages.” Atovaquone is however active against
liver stages, resulting in its utility as a prophylaxis drug, however it is not believed to be

active against “dormant” hypnozoites.® *
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Mechanism of Parasite Resistance to Atovaquone/Malarone™. Although the crystal
structure of the P. falciparum cytochrome bc; complex is not available, details of atovaquone
binding to cytochrome b have been elucidated based on studies performed on model
organisms and molecular modelling. These studies, that include Electron Paramagnetic
Resonance spectroscopy of the Rieske [2Fe-2S] cluster, site-directed mutagenesis of model
organism cytochrome b, and gene sequencing of atovaquone-resistant Plasmodium species,
demonstrate that atovaquone is most likely a competitive inhibitor of the parasite's

cytochrome b quinol oxidation (Q,) site (Figure 3).2% %

Malarone™ drug failure has been associated with a mis-sense point mutation at position 268
in cytochrome b, exchanging tyrosine for serine (Y268S) or, less frequently, asparagine
(Y268N).** Position 268 in cytochrome b is highly conserved across all phyla and is
located within the “ef” helix component of the Q, site which is putatively involved in ubiquinol
binding. The resultant atovaquone-resistant growth ICsy phenotype of these mutants is some
1000-fold higher than susceptible strains, however this is accompanied by a ~40 %
reduction in the V. of the bc; complex, suggestive of a significant fithess cost to the

parasite.*

It is well documented that atovaquone monotherapy gives rise to de novo resistance very
rapidly.*” *® However, the underlying reason for this phenomenon has not been determined
and, as discussed in the next section, may be partially explained by pharmacokinetic
considerations (related to the physicochemical properties of atovaquone) as well as hitherto
untested considerations related to the molecular target such as for example the effect of an
increased mutation rate of mitochondrially-encoded genes such as cytochrome b compared
to nuclear encoded genes.*® Furthermore, it has been reported that an in vitro atovaquone
resistant parasite line has been generated in the laboratory possessing wild-type cyt b.>° The
mechanism underpinning the parasite’s atovaquone resistant phenotype in this strain

remains to be elucidated.

Pharmacokinetics

The pharmacokinetic parameters of atovaquone in the currently utilised formulation
(Malarone™, 250 mg atovaquone + 100 mg proguanil) have been determined (Figure 4).>
Median atovaquone plasma AUC (h.uM), ti» (h), Chax (MM) and tnax (h) were 295, 87.2, 3.74,
3.25, respectively, following single-dose and 254, 55.9, 13.8 and 4.00, respectively, upon
reaching steady-state. The similar AUC values observed between single-dose and steady-

state dosing suggests no unexpected accumulation of atovaquone following repeated
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administration, although this may be due to saturation of plasma atovaguone concentrations

and an increase in atovaquone concentrations in tissues cannot be ruled out.

Atovaquone ICs, against susceptible malaria in vitro is very low, ranging from 1 to ~3.5 nM.
815253 Thjs has resulted in the belief that atovaquone plasma concentrations (around 1-10
MM, see Figure 4) are sufficient to produce total suppression of malaria. However,
atovaquone shows extremely high levels of plasma protein binding (>99.5%) and therefore
the concentration of un-bound atovaquone is likely to be significantly lower.>* Extrapolations
of Pharmacokinetic-Pharmacodynamic dynamics using in vitro data should therefore be

treated with caution.

At present, there are no established minimum effective plasma concentrations of
atovaquone for malaria prophylaxis. However, a clear correlation between atovaquone
steady-state plasma concentration and treatment success has been established in
Pneumocystis pneumonia in patients with AIDS.* Atovaquone plasma concentrations of 10
to <15 pg / mL and 15 to <20 pg / mL resulted in 79% and 95% treatment success,
respectively. Furthermore, there have been case reports of atovaguone treatment failure in
antimalarial therapy that were not explained by drug resistance mutations, and patients with
body weight >100 kg have a marked increased chance of treatment failure compared to
<100 kg patients, both of which suggest drug concentration may be a factor in determining
treatment failure.*> *® * The prediction of atovaquone therapy failure and resistance
selection using drug concentration parameters has the potential to improve current patient

therapy and an investigation determining a PK-PD relationship is warranted.

Absorption. Absorption of atovaguone shows dose-limitation, with maximum absorption
observed using 750 mg tablets.*® Poor drug solubility was suggested as the cause of this
limit to absorption, and this led to the development of an atovaquone liquid suspension
formulation, which showed improved Pneumocystis pneumonia treatment success compared

to the tablet formation.>®

The bioavailability of 750 mg atovaquone when taken with food was 23% in HIV-infected
patients.®® Combining data from six clinical trials, the inter-patient variability of atovaquone
bioavailability is substantial and has been determined at 107%, which is likely due to the

drug’s low solubility and the effects of food.?%?
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The oral absorption of atovaquone increased when taken with a high fat meal (2 slices of
toast with 56 g butter, with 3.9-fold exposure compared to fasted), whereas a minimal-fat
meal (2 slices of toast) had minimal impact on absorption.®® Consequently, it is
recommended that atovaquone be taken with a high-fat meal. However, a recent in vitro
study showed that atovaquone ICs, increased 20-fold when serum used in the assay was
taken from a subject recently given a high-fat meal, compared to serum from a fasted
subject (0.5 ng / mL to 12 ng / mL, p < 0.01).%® A correlation between high serum triglyceride
concentrations and high atovaquone ICsy was observed, suggesting reduced free (unbound)
atovaquone concentrations due to increased drug-fat binding. The clinical relevance of this
finding is unknown, but the impact to atovaquone PK is likely to be transient and is unlikely

to outweigh the benefit of increased atovaquone absorption.

Dissolution of atovaquone tablets increases in the presence of milk, and therefore the
presence of milk in meals may increase atovaquone bioavailability in patients.®* This may
provide an alternative strategy to high-fat meals when aiming to maximise the bioavailability

of atovaquone, although this has not been shown clinically.

Distribution. Atovaquone is highly bound to plasma protein (>99.5%) and shows high affinity
for human serum albumin, although the low drug clearance rate suggests that atovaquone
may also accumulate in tissues, where it is protected from biliary clearance.* In a study of
atovaquone population pharmacokinetics, the volume of distribution of atovaquone was 7.98
L / kg, although individual values were markedly linked to body weight; volume of distribution

shows a linear increase with increased patient body weight.®°

Metabolism. Under normal conditions, there is no evidence that atovaquone is significantly
metabolised in humans, or that metabolism is required for drug elimination. It may be
possible that certain enzymes could be induced and therefore lead to increased atovaquone

biotransformation, but this has not been demonstrated.

Elimination. Atovaguone pharmacokinetics is characterised by an extremely long elimination
half life of around 50 to 84 hours.”® ° ® Elimination is primarily via the liver, with almost
undetectable amounts (<0.6%) of drug being eliminated via the kidney.®® Over 90% of drug
excreted in bile was in the parent form. Elimination of atovaquone is complicated by the
possibility of enterohepatic recirculation of drug, which may help explain atovaguone
pharmacokinetic profiles where reduction and then increases in drug concentration are seen

with time.
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In a study of atovaquone population pharmacokinetics, the oral clearance of atovaguone
was increased in patients with higher body weight, with 60% increased clearance seen in an
80 kg patient compared to a 40 kg patient.® In the same study, the average oral clearance
of atovaguone was higher in Oriental (8.49 L / h) and Malay (9.13 L / h) subjects compared
to white (1-7.6 L / h) subjects.®

Drug interactions

Atovaquone is highly bound to plasma protein (>99.5%) and shows high affinity for human
serum albumin.> Furthermore, the half life of atovaquone is long, ranging around 50 to 84
hours and the major limiting factor to atovaquone clearance is likely its plasma protein
binding.*® °* ® This suggests that any drug which reduces atovaquone plasma protein
binding may potentially alter atovaguone tissue distribution and/or clearance. However, the
authors can find no published articles investigating the drug-mediated displacement of
atovaquone from plasma protein and the clinical impact of these interactions, and this area
requires further research. The interaction observed between atovaquone and antiretrovirals,
where efavirenz, lopinavir and ritonavir (all highly protein-bound drugs) reduced atovaquone
plasma concentrations in HIV-infected patients, may involve atovaquone plasma-protein
displacement, although this was not demonstrated.®® This emphasises the importance of

establishing the interactions between antimalarials, including atovaquone, and antiretrovirals.

The potential for atovaquone to displace other protein-bound drugs has been investigated. A
case study has recently been published which describes a potential interaction between the
anticoagulant drug warfarin and atovaquone, where the author suggests that atovaquone
caused an increase in free warfarin concentrations to super-therapeutic levels.®’ A separate
investigation found that atovaquone did not alter the pharmacokinetics of the antiepileptic
drug phenytoin, another highly protein-bound drug which is susceptible to displacement
interactions.®® The evidence that atovaquone can compete with other drugs for plasma
protein binding is lacking, although further investigations are required to fully understand this

potential factor in atovaquone pharmacokinetics.

Atovaquone exposure is markedly decreased when taken concomitantly with the antibiotic
drug rifampicin and therefore co-administration of atovaquone and rifampicin is not
recommended.®® The mechanism behind this interaction is not fully understood, although the
ability of rifampicin to induce activity of metabolism enzymes and drug transporters is

assumed to be responsible. However, no metabolite of atovaquone has been identified in
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humans, and the impact of individual enzymes and transporters on atovaquone disposition is

unclear.

There is evidence that atovaquone can inhibit cytochrome P450 enzymes, although data has
been generated in vitro and the relevance to clinical drug interactions is unknown.
Atovaquone inhibited the metabolism of 50 pM 7-benzyloxy-4-(trifluoromethyl)-coumarin
(BFC) by recombinant CYP3A4, with an ICs, of 4.7 uM.>* Similarly, sulfamethoxazole (SMX)
metabolism by recombinant CYP2C9 was inhibited by atovaquone, with a K; of 15 uM.”
However, when atovaquone was pre-incubated with human serum and centrifuge-filtered to
remove protein before use, no CYP2C9 inhibitory activity was observed. A recent case study
described a HIV-infected female with a marked increase in plasma concentrations of
antiretroviral drugs etravirine (+55%) and unboosted saquinavir (+274%) following
atovaquone / proguanil prophylaxis.” In the same study, raltegravir plasma concentrations
were unchanged following atovaquone/proguanil prophylaxis. The evidence that
atovaquone/proguanil prophylaxis increases exposure of etravirine and saquinavir (both
cytochrome P450 substrates) but not raltegravir (no affinity for cytochrome P450 enzymes)
suggests atovaquone, proguanil, or indeed both drugs, may be inhibiting cytochrome P450

activity.”*"

Co-administration of atovaguone and the nucleoside reverse transcriptase inhibitor
zidovudine increased the exposure (33% increase in AUCyg,, p < 0.05) and decreased the
oral clearance (25% reduction, p < 0.05) of zidovudine in HIV-infected patients.”
Furthermore, patients taking atovaquone showed a trend towards lower zidovudine-
glucuronide plasma concentrations (6% reduction in AUCggn, p < 0.1) and a significant
decrease in the ratio between zidovudine-glucuronide and plasma concentrations (30%
reduction, p < 0.05). Atovaquone exposure was unchanged when co-administered with

zidovudine.

The atovaquone-mediated 33% increase in zidovudine exposure is in itself unlikely to cause
increased hematologic toxicity, although caution is advised in patients taking additional
drugs with similar toxicity profiles to zidovudine.” Also, increased zidovudine plasma
concentrations and reduced zidovudine glucuronidation may potentially lead to increased
formation of the cytochrome P450-mediated zidovudine metabolite, 3’-amino-3'-
deoxythymidine, which shows seven-fold higher toxicity in bone marrow cells compared to

the parent drug.”®
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The increased exposure and decreased clearance of zidovudine suggests that atovaquone
is inhibiting the glucuronidation of zidovudine. The primary enzyme involved in zidovudine
glucuronidation is uridine 5'-diphospho-glucuronosyltransferase (UGT) 2B7.”” Therefore,
clearance of UGT2B7 substrates, such as the anti-HIV drug efavirenz, may also be

influenced by atovaquone and further investigations are warranted in this area.”’

Atovaquone did not alter the exposure of the anti-HIV protease inhibitor drug indinavir in
healthy volunteers.”® Indinavir is a substrate of the drug efflux transporter, ABCB1, and the
absence of any effect of atovaguone on indinavir pharmacokinetics suggests that

atovaquone is not altering the activity of ABCB1, although this has not been confirmed.”

Safety and Toxicology

Atovaquone has been found to be generally well tolerated and causes few side effects.
Adverse events are generally mild and include rash, fever, vomiting, diarrhoea, abdominal
pain and headache. Indeed, overdoses as large as 31,500 mg have been reported causing

little or no symptomatology.®

Conclusion

Despite the extensive use of Atovaquone-Proguanil, there remains a considerable
knowledge gap concerning its pharmacology. The rollout of generics following the expiry of
the patent will undoubtedly see an increase in Atovaquone-Proguanil usage that will be
closely followed by an increase in the treatment failures. Clearly, if the community is to
manage this issue and develop improved derivatives, more effort needs to be placed into
understanding the PK-PD mechanisms underpinning Atovaquone-Proguanil treatment

failure.

Acknowledgements
The authors acknowledge grant support from the Leverhulme Trust, Wellcome Trust, EU
FP7, Medical Research Council (MRC) and Medicines for Malaria Venture (MMV).

Transparency Declaration

None to declare.



324

325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365

366
367
368

369
370
371
372

References

1. Hudson AT. Atovaquone - a Novel Broad-Spectrum Antiinfective Drug. Parasitol Today 1993;
9: 66-8.

2. McKeage K, Scott LJ. Atovaquone/Proguanil - A review of its use for the prophylaxis of
Plasmodium falciparum malaria. Drugs 2003; 63: 597-623.

3. Nakato H, Vivancos R, Hunter PR. A systematic review and meta-analysis of the effectiveness
and safety of atovaquone-proguanil (Malarone) for chemoprophylaxis against malaria. J Antimicrob
Chemoth 2007; 60: 929-36.

4. Looareesuwan S, Chulay JD, Canfield CJ et al. Malarone (R) (atovaquone and proguanil
hydrochloride): A review of its clinical development for treatment of malaria. Am J Trop Med Hyg
1999; 60: 533-41.

5. Spencer CM, Goa KL. Atovaquone - a Review of Its Pharmacological Properties and
Therapeutic Efficacy in Opportunistic Infections. Drugs 1995; 50: 176-96.

6. Haile LG, Flaherty JF. Atovaquone - a Review. Ann Pharmacother 1993; 27: 1488-94.

7. Osei-Akoto A, Orton LC, Owusu-Ofori S. Atovaquone-proguanil for treating uncomplicated
malaria. Cochrane DB Syst Rev 2005; CD004529: 1-53.

8. Lalloo DG, Hill DR. Preventing malaria in travellers. BMJ 2008; 336: 1362-6.

9. LaRocque RC, Rao SR, Lee J et al. Global TravEpiNet: a national consortium of clinics

providing care to international travelers--analysis of demographic characteristics, travel destinations,
and pretravel healthcare of high-risk US international travelers, 2009-2011. 2 Clin infect dis 2012; 54:
455-62.

10. Fieser LF, Richardson AP. Naphthoquinone Antimalarials .2. Correlation of Structure and
Activity against P-Lophurae in Ducks. J Am Chem Soc 1948; 70: 3156-65.

11. Fieser LF, Heymann H, Seligman AM. Naphthoquinone Antimalarials .20. Metabolic
Degradation. J Pharmacol Exp Ther 1948; 94: 112-24.

12. Fieser LF, Chang FC, Dauben WG et al. Naphthoquinone Antimalarials .18. Metabolic
Oxidation Products. J Pharmacol Exp Ther 1948; 94: 85-96.

13. Fieser LF, Schirmer JP, Archer S et al. Naphthoquinone Antimalarials .29. 2-Hydroxy-3-
(Omega-Cyclohexylalkyl)-1,4-Naphthoquinones. J Med Chem 1967; 10: 513-7

14. Fawaz G, Haddad FS. The Effect of Lapinone (M-2350) on P-Vivax Infection in Man. Am J Trop
Med 1951; 31: 569-71.

15. Hudson AT, Randall AW, Fry M et al. Novel Anti-Malarial Hydroxynaphthoquinones with
Potent Broad-Spectrum Anti-Protozoal Activity. Parasitology 1985; 90: 45-55.

16. Hudson AT, Pether MJ, Randall AW et al. Invitro Activity of 2-Cycloalkyl-3-Hydroxy-1,4-
Naphthoquinones against Theileria, Eimeria and Plasmodia Species. Eur J Med Chem 1986; 21: 271-5.
17. Hudson AT, Dickins M, Ginger CD et al. 566C80: a potent broad spectrum anti-infective agent
with activity against malaria and opportunistic infections in AIDS patients. Drugs Exp Clin Res 1991,
17: 427-35.

18. Patent W09320044 , 1,4 NAPHTHOQUINONE DERIVTIVES WITH ANTI-PROTOZOAL AND
ANTI-PARASITIC ACTIVITY. http://www.freepatentsonline.com/EP0634996.html

19. Patent US 4981874, Medicaments. http://www.wikipatents.com/US-Patent-
4981874/medicaments

20. Williams DR, Clark MP. Synthesis of atovaquone. Tetrahedron Lett 1998; 39: 7629-32.
21. Patent WO/2010/001379 A Process for preparing Atovaquone and associate intermediates.
http://patentscope.wipo.int/search/en/W02010001379

22. Patent WO/2010/001378 Process for the epimerization of atovaquone isomer, Atovaquone
intermediates and mixtures thereof . http://patentscope.wipo.int/search/en/W02010001378

23. Patent WO/2008/122988, 2008. Process for preparation of Atovaquone and the conversion
of cis-isomer to trans-isomer. http://www.freepatentsonline.com/W02008122988.html



373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

24. Baggish AL, Hill DR. Antiparasitic agent atovaquone. Antimicrob Agents Ch 2002; 46: 1163-
73.

25. Biagini GA, Fisher N, Shone AE et al. Generation of quinolone antimalarials targeting the
Plasmodium falciparum mitochondrial respiratory chain for the treatment and prophylaxis of
malaria. P Natl Acad Sci USA 2012; 109: 8298-303.

26. Zhang, Clark JA, Connelly MC et al. Lead Optimization of 3-Carboxyl-4(1H)-Quinolones to
Deliver Orally Bioavailable Antimalarials. J Med Chem 2012; 55: 4205-19.

27. Cross RM, Namelikonda NK, Mutka TS et al. Synthesis, antimalarial activity, and structure-
activity relationship of 7-(2-phenoxyethoxy)-4(1H)-quinolones. / Med Chem 2011; 54: 8321-7.

28. Barton V, Fisher N, Biagini GA et al. Inhibiting Plasmodium cytochrome bcl: a complex issue.
Curr Opin Chem Biol 2010; 14: 440-6.

29. Winter RW, Kelly JX, Smilkstein MJ et al. Optimization of endochin-like quinolones for
antimalarial activity. Exp Parasitol 2011; 127:545-51.

30. Winter RW, Kelly JX, Smilkstein MJ et al. Antimalarial quinolones: Synthesis, potency, and
mechanistic studies. Exp Parasitol 2008; 118: 487-97.

31. Fry M, Pudney M. Site of action of the antimalarial hydroxynaphthoquinone, 2-[trans-4- (4'-
chlorophenyl) cyclohexyl]-3-hydroxy-1,4-naphthoquinone (566C80). Biochem Pharmacol 1992; 43:
1545-53.

32. Srivastava IK, Rottenberg H, Vaidya AB. Atovaquone, a broad spectrum antiparasitic drug,
collapses mitochondrial membrane potential in a malarial parasite. J Biol Chem 1997; 272: 3961-6.
33. Biagini GA, Viriyavejakul P, O'Neill P M et al. Functional characterization and target

validation of alternative complex | of Plasmodium falciparum mitochondria. Antimicrob Agents Ch
2006; 50: 1841-51.

34. Seymour KK, Yeo AE, Rieckmann KH et al. dCTP levels are maintained in Plasmodium
falciparum subjected to pyrimidine deficiency or excess. Ann Trop Med Parasitol 1997; 91: 603-9.
35. Hammond DJ, Burchell JR, Pudney M. Inhibition of pyrimidine biosynthesis de novo in
Plasmodium falciparum by 2-(4-t-butylcyclohexyl)-3-hydroxy-1,4-naphthoquinone in vitro. Mol
Biochem Parasitol 1985; 14: 97-109.

36. Painter HJ, Morrisey JM, Mather MW et al. Specific role of mitochondrial electron transport
in blood-stage Plasmodium falciparum. Nature 2007; 446: 88-91.
37. Bulusu V, Jayaraman V, Balaram H. Metabolic fate of fumarate, a side product of the purine

salvage pathway in the intraerythrocytic stages of Plasmodium falciparum. J Biol Chem 2011; 286:
9236-45.

38. White NJ. Assessment of the pharmacodynamic properties of antimalarial drugs in vivo.
Antimicrob Agents Ch 1997; 41: 1413-22.

39. Dembele L, Gego A, Zeeman AM et al. Towards an in vitro model of Plasmodium hypnozoites
suitable for drug discovery. PLoS One 2011; 6: e18162.

40. Kessl JJ, Meshnick SR, Trumpower BL. Modeling the molecular basis of atovaquone
resistance in parasites and pathogenic fungi. Trends Parasitol 2007; 23: 494-501.

41. Korsinczky M, Chen N, Kotecka B et al. Mutations in Plasmodium falciparum cytochrome b

that are associated with atovaquone resistance are located at a putative drug-binding site.
Antimicrob Agents Ch 2000; 44: 2100-8.

42. Musset L, Bouchaud O, Matheron S et al. Clinical atovaquone-proguanil resistance of
Plasmodium falciparum associated with cytochrome b codon 268 mutations. Microb Infect / Institut
Pasteur 2006; 8: 2599-604.

43. Berry A, Senescau A, Lelievre J et al. Prevalence of Plasmodium falciparum cytochrome b
gene mutations in isolates imported from Africa, and implications for atovaquone resistance. Trans R
Soc Trop Med Hyg 2006; 100: 986-8.

44, Fivelman QL, Butcher GA, Adagu IS et al. Malarone treatment failure and in vitro
confirmation of resistance of Plasmodium falciparum isolate from Lagos, Nigeria. Malar J 2002; 1: 1.



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

45, Schwartz E, Bujanover S, Kain KC. Genetic confirmation of atovaquone-proguanil-resistant
Plasmodium falciparum malaria acquired by a nonimmune traveler to East Africa. Clin Infect Dis
2003; 37: 450-1.

46. Fisher N, Majid RA, Antoine T et al. Cytochrome b Mutation Y268S Conferring Atovaquone
Resistance Phenotype in Malaria Parasite Results in Reduced Parasite bc(1) Catalytic Turnover and
Protein Expression. J Biol Chem 2012; 287: 9731-41.

47. Chiodini PL, Conlon CP, Hutchinson DB et al. Evaluation of atovaquone in the treatment of
patients with uncomplicated Plasmodium falciparum malaria. J Antimicrob Chemother 1995; 36:
1073-8.

48. Looareesuwan S, Viravan C, Webster HK et al. Clinical studies of atovaquone, alone or in
combination with other antimalarial drugs, for treatment of acute uncomplicated malaria in
Thailand. Am J Trop Med Hyg 1996; 54: 62-6.

49, Pesole G, Gissi C, De Chirico A et al. Nucleotide substitution rate of mammalian
mitochondrial genomes. J Mol Evol 1999; 48: 427-34.
50. Smilkstein MJ, Forquer |, Kanazawa A et al. A drug-selected Plasmodium falciparum lacking

the need for conventional electron transport. Mol Biochem Parasit 2008; 159: 64-8.

51. Thapar MM, Ashton M, Lindegardh N et al. Time-dependent pharmacokinetics and drug
metabolism of atovaquone plus proguanil (Malarone) when taken as chemoprophylaxis. Eur J Clin
Pharmacol 2002; 58: 19-27.

52. Khositnithikul R, Tan-Ariya P, Mungthin M. In vitro atovaquone/proguanil susceptibility and
characterization of the cytochrome b gene of Plasmodium falciparum from different endemic
regions of Thailand. Malar J 2008; 7: 23.

53. Biagini GA, Fisher N, Berry N et al. Acridinediones: selective and potent inhibitors of the
malaria parasite mitochondrial bcl complex. Mol Pharmacol 2008; 73: 1347-55.
54. Zsila F, Fitos |. Combination of chiroptical, absorption and fluorescence spectroscopic

methods reveals multiple, hydrophobicity-driven human serum albumin binding of the antimalarial
atovaquone and related hydroxynaphthoquinone compounds. Org Biomol Chem 2010; 8: 4905-14.
55. Hughes W, Leoung G, Kramer F et al. Comparison of atovaquone (566C80) with
trimethoprim-sulfamethoxazole to treat Pneumocystis carinii pneumonia in patients with AIDS. New
Eng J Med 1993; 328: 1521-7.

56. Wichmann O, Muehlen M, Gruss H et al. Malarone treatment failure not associated with
previously described mutations in the cytochrome b gene. Malar J 2004; 3: 14.
57. Durand R, Prendki V, Cailhol J et al. Plasmodium falciparum malaria and atovaquone-

proguanil treatment failure. Emerg Infect Dis 2008; 14: 320-2.

58. Hughes WT, Kennedy W, Shenep JL et al. Safety and pharmacokinetics of 566C80, a
hydroxynaphthoquinone with anti-Pneumocystis carinii activity: a phase | study in human
immunodeficiency virus (HIV)-infected men. J Infect Dis 1991; 163: 843-8.

59. Rosenberg DM, McCarthy W, Slavinsky J et al. Atovaquone suspension for treatment of
Pneumocystis carinii pneumonia in HIV-infected patients. Aids 2001; 15: 211-4.
60. Hussein Z, Eaves J, Hutchinson DB et al. Population pharmacokinetics of atovaquone in

patients with acute malaria caused by Plasmodium falciparum. Clin Pharmacol Ther 1997; 61: 518-
30.

61. Nicolaides E, Galia E, Efthymiopoulos C et al. Forecasting the in vivo performance of four low
solubility drugs from their in vitro dissolution data. Pharm Res 1999; 16: 1876-82.
62. Rolan PE, Mercer AJ, Weatherley BC et al. Examination of some factors responsible for a

food-induced increase in absorption of atovaquone. Brit J Clin Pharmacol 1994; 37: 13-20.
63. Chotivanich K, Mungthin M, Ruengweerayuth R et al. The effects of serum lipids on the in
vitro activity of lumefantrine and atovaquone against plasmodium falciparum. Malar J 2012; 11: 177.



471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

514

515

516

517

64. Dixon R, Pozniak AL, Watt HM et al. Single-dose and steady-state pharmacokinetics of a
novel microfluidized suspension of atovaquone in human immunodeficiency virus-seropositive
patients. Antimicrob Agents Ch 1996; 40: 556-60.

65. Rolan PE, Mercer AJ, Tate E et al. Disposition of atovaquone in humans. Antimicrob Agents
Ch 1997; 41: 1319-21.

66. van Luin M, Van der Ende ME, Richter C et al. Lower atovaquone/proguanil concentrations in
patients taking efavirenz, lopinavir/ritonavir or atazanavir/ritonavir. Aids 2010; 24: 1223-6.

67. Hidalgo K, Lyles A, Dean SR. A potential interaction between warfarin and atovaquone. Ann
Pharmacother 2011; 45: e3.

68. Davis JD, Dixon R, Khan AZ et al. Atovaquone has no effect on the pharmacokinetics of
phenytoin in healthy male volunteers. Brit J Clin Pharmacol 1996; 42: 246-8.

69. Sousa M, Pozniak A, Boffito M. Pharmacokinetics and pharmacodynamics of drug

interactions involving rifampicin, rifabutin and antimalarial drugs. J Antimicrob Chemother 2008; 62:
872-8.

70. Miller JL, Trepanier LA. Inhibition by atovaquone of CYP2C9-mediated sulphamethoxazole
hydroxylamine formation. Eur J Clin Pharmacol 2002; 58: 69-72.

71. Tommasi C, Bellagamba R, Tempestilli M et al. Marked increase in etravirine and saquinavir
plasma concentrations during atovaquone/proguanil prophylaxis. Malar J 2011; 10: 141.

72. Scholler-Gyure M, Kakuda TN, Raoof A et al. Clinical pharmacokinetics and
pharmacodynamics of etravirine. Clin Pharmacokine 2009; 48: 561-74.

73. Eagling VA, Wiltshire H, Whitcombe IW et al. CYP3A4-mediated hepatic metabolism of the
HIV-1 protease inhibitor saquinavir in vitro. Xenobiotica; the fate of foreign compounds in biological
systems 2002; 32: 1-17.

74. Kassahun K, Mclntosh I, Cui D et al. Metabolism and disposition in humans of raltegravir
(MK-0518), an anti-AIDS drug targeting the human immunodeficiency virus 1 integrase enzyme. Drug
Metab Dis 2007; 35: 1657-63.

75. Lee BL, Tauber MG, Sadler B et al. Atovaquone inhibits the glucuronidation and increases the
plasma concentrations of zidovudine. Clin Pharmacol Ther 1996; 59: 14-21.

76. Cretton EM, Xie MY, Bevan RJ et al. Catabolism of 3'-azido-3'-deoxythymidine in hepatocytes
and liver microsomes, with evidence of formation of 3'-amino-3'-deoxythymidine, a highly toxic
catabolite for human bone marrow cells. Mol Pharmacol 1991; 39: 258-66.

77. Belanger AS, Caron P, Harvey M et al. Glucuronidation of the antiretroviral drug efavirenz by
UGT2B7 and an in vitro investigation of drug-drug interaction with zidovudine. Drug Metab Dis 2009;
37:1793-6.

78. Emmanuel A, Gillotin C, Farinotti R. Atovaquone suspension and indinavir have minimal
pharmacokinetic interactions. In: Abstract of the 12th International Conference on AIDS, Geneva,
Swizterland, 1998. Abstract 12384.

79. Hochman JH, Chiba M, Nishime J et al. Influence of P-glycoprotein on the transport and
metabolism of indinavir in Caco-2 cells expressing cytochrome P-450 3A4. J Pharmacol Exp Ther
2000; 292: 310-8.

80. Cheung TW. Overdose of atovaquone in a patient with AIDS. Aids 1999; 13: 1984-5.

81. Solmaz SR, Hunte C. Structure of complex Ill with bound cytochrome c in reduced state and
definition of a minimal core interface for electron transfer. J Biol Chem 2008; 283: 17542-9.



518 Figures

1" R™ (CHy)gC(CsHy1) 1960S ~ Lapinone ~ showed clinjca
S activity against p'vivax

1980S ~ Designed to investigate
the metapolic Stapility Of guinones
in humans py \wejicome | aporatories

w0
S 3R™ qum

- Atovaguone ~ only guinone foung
4R """<:><©*C| {0 be iNert to hUMan Mjcrosomes

cl ATOVAQUONE
MW 366.837
o LOGP 5.8 (m), 474 (p)
- PSA 5437
O‘ Solubility (water) (g/L) Insoluble (m), 7.96e™ (p)
OH PPB (1-90 ug/mL) 99.9%
AtoVa(ijone Half Life (days) 2232
519
520

521 Figure 1. Historical development of atovaquone and its PK properties (m-measured, p-
522  predicted).
523

524

525

526

527

528

529

530

531

532



533
534

535
536
537
538
539
540
541
542
543

Figure 2A: The Original Synthesis of Atovaguone:
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Figure 2: Synthetic routes used to synthesise atovaquone
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Figure 3: Panel (a). Cartoon representation of the yeast cytochrome bc; complex
(3CX5.PDB, with atovaquone modelled at the Q, site (boxed area).®* The bc, complex is a
structural and functional homodimer with a molecular mass of approximately 480 kDa,
consisting of 10 discrete subunits per monomer in yeast and P. falciparum. The electron-
transferring catalytic unit of one monomer is highlighted; cytochrome b is represented in
orange, cytochrome c; in blue and the Rieske iron-sulpur protein (ISP) in green. Haem
groups (cyt b and cyt c;) are shown in red. The remaining subunits of the complex are
rendered in grey. Panel (b) Molecular model of atovaquone (ATO) bound to the Q, site of
the bc; complex. Subunits are coloured as in panel (a). Atovaquone was modelled into the
Q. site of cytochrome b as described by Fisher N et al.** Hydrogen-bonding interactions
between the naphthoquinone headgroup of atovaquone and sidechains of Glu-272 (cyt b)
and His-181 (ISP) are indicated by yellow lines. The positions of haem b, (cyt b) and the ISP

[2Fe2S] cluster are also shown.
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Figure 4. Atovaguone plasma concentration-time profile after single dose of Malarone in 13

healthy individuals. Used with permission from the study by Thaper et al.>*



